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GENERAL INTRODUCTION 
Cadmium is a highly toxic heavy metal found throughout 
the industrialized world that is accumulating in the 
environment and also humans. When the concentration of cadmium 
in the human body reaches a certain level, kidney damage, bone 
disorders, immune malfunctions, birth defects and cancers may 
occur. 
The cytotoxic effect of cadmium has been studied in 
different mammalian cell culture systems, particularly those 
related to in vitro development of cadmium-resistant cell 
populations. These cadmium-resistant cells synthesize 
metallothioneins (MTs) which are a group of low molecular 
weight proteins with high affinity for heavy metals by virtue 
of their high content of cysteine. 
Laboratory animal studies suggest that cadmium is a 
potent carcinogen. In rodent testes, testicular interstitial 
cell tumors occur with high frequency following cadmium 
exposure. Tumors are induced at the site of cadmium injection, 
both subcutaneous and intramuscular. Rat lungs and prostate 
are also defined as targets of cadmium carcinogenesis under 
certain experimental conditions. Epidemiological studies also 
provide some evidence that occupational or environmental 
cadmium exposure is associated with human prostatic and 
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pulmonary carcinogenesis. Cadmium-metallothionein is also 
found to be teratogenic in the rat. 
Despite many studies on cadmium's cytotoxic and 
carcinogenic effects, the mechanisms of cadmium toxicity and 
the ways in which cadmium may be involved in initiation or 
progression of cancer have not been defined. The long half 
life of cadmium (about 30 years) and continuous low levels of 
human exposure make it difficult to extrapolate from 
epidemiological and shorter term animal studies. We believe . 
that further studies on cadmium metabolism in well defined 
cell systems will contribute to a better assessment of the 
hazard posed by human exposure to cadmium. In particular, 
defining the effects of cadmium on the regulation of cell 
growth, especially through modification of the expression of 
specific genes involved in cell growth, differentiation, and 
transformation can aid significantly in our understanding of 
cadmium's carcinogenic and teratogenic properties. 
Previous studies showed that the cadmium levels in kidney 
cortex of normal human adults in the industrial world are 
about 10-15 ppm. Two hundred ppm cadmium in kidney cortex is a 
critical concentration (suggested by WHO) that will cause 
kidney damage and bone disorders. Studies in cultured cells 
show further that following 6 hour exposure of cells to 2 uM 
cadmium, the concentration of cadmium in the cells will be in 
the range of 50-100 ppm, and that following 6 hour exposure of 
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cells to 0.25 or 0.5 uH cadmium, the concentration of cadmium 
inside the cells will be about 10-50 ppm, which is the normal 
human accumulation range in the kidney cortex. Thus, cadmium 
doses from 0.25 to 4 uM were used in most of these studies. 
NRK-49F cell is a cell line widely employed to study T6F-
beta responses. Transforming growth factor was initially 
defined operationally as that which stimulates soft agar 
growth of NRK-49F cells when added with TGF-alpha or EGF. 
Previous studies in our laboratory showed that subtoxic (0.25-
0.5 uH) and marginally toxic (one uM) doses of cadmium can 
replace TGF-beta to stimulate soft agar growth of NRK-49F 
cells when added with EGF. It also inhibits EGF-induced early 
DNA synthesis but stimulates a delayed DNA synthesis in the 
same cells when grown in monolayer. These effects of cadmium 
also mimic TGF-beta function in the same cells. The question 
thus raised is how cadmium modulates NRK-49F cell growth; to 
what extent it mimics TGF-beta biochemical responses and 
whether cadmium functions partly through activation or 
induction of TGF-beta or by intersecting with TGF-beta 
regulatory pathways. 
This project attempts to address novel cellular cadmium 
responses in MRK-49F cells, including how cadmium deregulates 
normal cell growth and specific gene expression, and the 
possible mechanisms for its carcinogenic potential. 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation is written in the alternate format. The 
five sections of this dissertation are modified manuscripts 
that have been published or submitted for publication. The 
first section and the third section are published in Cell 
Biology and Toxicology. The second section is published in 
Experimental Cell Research. The fourth section is accepted for 
publication in Toxicology and is now in press. The final 
section is submitted to the Journal of Cellular Physiology. 
Each section has its own abstract, introduction, materials and 
methods, results, discussion, acknowledgements, and 
references. A general introduction precedes these sections 
which are then followed by a summary discussion of the entire 
dissertation. The references following the summary discussion 
are those cited in the summary discussion. 
The experimental work was done mainly by myself with some 
help from a undergraduate student, Kelly Cunningham, for soft 
agar plating and colony counting in part of the experiment in 
Section 2. The manuscripts were prepared by myself with the 
assistance from my major professor. Dr. M.D. Enger, in editing 
and revisions. 
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SECTION 1 
CADMIUM INHIBITS E6F-INDUCED DNA SYNTHESIS 
BUT NOT E6F-INDUCED myc mRNA ACCUMULATION 
IN SERUM STARVED NRK-49F CELLS 
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CADMIUM INHIBITS EGF-INDUCED DNA SYNTHESIS 
BUT NOT EGF-INDUCED myc mRNA ACCUMULATION 
IN SERUM STARVED NRK-49F CELLS 
Ning Tang 
Jeffrey A. Clapper 
M. Duane Enger 
Department of Zoology and Genetics 
Iowa State University 
Ames, Iowa 50011 
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ABSTRACT 
Cadmium (Cd++, hereafter) inhibits EGF-induced ^H-Tdr 
incorporation in serum starved NRK-49F cells in a dose 
dependent pattern. The underlying mechanisms for this 
inhibition are largely unknown. EGF-induced mvc mRNA 
accumulation in NRK-49F cells and the effects of Cd++on this 
response were examined under conditions that result in partial 
or complete inhibition of EGF-induced DNA synthesis. It was 
found that doses of Cd++ that inhibit EGF-induced DNA 
synthesis do not inhibit EGF-induced protein synthesis and mvc 
mRNA accumulation. Cd++ doses of 0.5 uM and 1 uM were found 
actually to increase EGF-induced mvc mRNA accumulation and 
amino acid incorporation. These results show that the effect 
of Cd++ on EGF-induced DNA synthesis is not due to inhibition 
of entrance into Gl, but rather that Cd++ acts on events 
subsequent to mvc mRNA accumulation; that is, events 
associated with either G1 progression, entry into S or DNA 
synthesis. 
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INTRODUCTION 
Previous studies showed that E6F induces a mitogenic 
response in serum starved NRK-49F cells and that Cd++ inhibits 
EGF-induced ^H-Tdr incorporation in a dose dependent pattern 
(Enger et al 1987). The mechanisms involved in this effect are 
not yet understood. They could involve inhibition of an 
activated quiescent (GO) cell's entrance into the G1 state, of 
progression through Gl, of the Gl/S transition or of DNA 
synthesis. It is of interest to know which of these EGF-
induced stages or events in the cell cycle is (are) affected 
by Cd++ to result specifically in reduced DNA synthesis. 
Several cellular oncogenes are known to be involved in 
the cell proliferative response to growth factors. One of 
these is the proto-oncogene c-mvc. This gene encodes a nuclear 
protein (Hann et al 1983). stimulation of growth-arrested 
fibroblasts with serum or purified growth factors leads to a 
dramatic increase in c-mvc expression (Muller et al 1984). 
Addition of an antibody directed against human c-mvc protein 
to nuclei of several types of human cells inhibits DNA 
synthesis and DNA polymerase activity (Studzinski et al 1986). 
These results suggest that expression of c-mvc is in some 
instances necessary for serum and growth factor induced cell 
proliferation. Also, cardiac myocyte hypertrophy has been 
reported to be associated with mvc expression (Starksen et al 
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1986)/ and abnormal expression of mvc has been detected in 
several kinds of tumors (Hayward et al 1981; Collins et al 
1982; Dalla et al 1982; Shen-Ong et al 1982; slamon et al 
1984). These observations indicate also that c-mvc expression 
may play a significant role in cell growth control. 
The purpose of this study was to determine whether E6F-
induced mvc mRNA accumulation is affected by Cd++ under 
conditions that result in inhibition of EGF-induced DNA 
synthesis. It was found that doses of Cd++ that inhibit EGF-
induced DNA synthesis do not inhibit EGF-induced mvc mRNA 
accumulation. Cd++ doses of 0.5 uH to 1 uM were found actually 
to increase EGF-induced mvc mRNA accumulation and amino acid 
uptake and incorporation. 
10 
MATERIALS AND METHODS 
Cells and cell culture conditions 
NRK-49F cells were obtained from Dr. Michael Newman of 
Brandeis University at passage 6+. NRK-49F cells were chosen 
for study of Cd++ effects on the EGF response primarily 
because earlier studies had shown that Cd++ could replace TGF-
beta in synergizing with EGF to stimulate the growth of these 
cells in soft agar. The monolayer studies performed here allow 
more facile manipulation and analysis. These cells are 
particularly appropriate for studying the ways in which Cd++ 
may mimic the effects of TGF-beta because they constitute in 
essence the operational definition of TGF-beta. That is, TGF-
beta is the growth factor that synergizes with EGF to support 
the growth of NRK-49F cells in soft agar. 
The NRK-49F cells were cultured in T150 cell culture 
flasks in 35 ml McCoy's 5A Modified medium containing 10% calf 
serum, (HyClone), 100 units/ml penicillin at 37 C in 5% CO2, 
and 95% relative humidity. Tests for mycoplasma were performed 
and were always negative. The stock cultures were passaged 1:5 
every 2 or 3 days. Cells between passages 13+ and 20+ were 
used for experiments. Reduced cell growth was effected by 
changing the medium to McCoy's 5A containing 0.1% calf serum 
for periods of 2-4 days. The nearly quiescent cultures that 
resulted were then treated with 10 ng/ml EGF and different 
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concentrations of Cd. Cells to be assayed for ^H-Tdr 
incorporation, MeAIB uptake and ^H-amino acid 
incorporation experiments were cultured, growth arrested and 
stimulated using the same conditions as those employed for RNA 
preparation. 
^H-Tdr incorporation assay 
This assay was performed as previously described (Enger 
et al 1987). 
14c-MeAIB uptake assay 
Cultures were washed once with PBS, one ml of warmed 
transport buffer (1 mH MgC129, 2 mM CaCl, 5 mH KCI, 135 mH 
NaCl, 5 mM Glucose, 10 mM Tris-HCl [pH 7.4]) was added and the 
cultures were then pulse labelled with l^C-MeAIB at a final 
concentration of 1 uci/ml for 30 minutes. Following four quick 
washes with cold PBS the cells were lysed with 1 M NaOH and 
0.5% SDS. Aliguots of lysates were then counted in a liquid 
scintillation counter. 
^H-amino acid incorporation assay 
The serum starved cultures were pulse labeled with 1 
uci/ml ^H-amino acid mixture containing leucine, lysine, 
phenylalanine, proline and tryosine (Amersham Corp., 1 mC/ml, 
25 mc/mmole) for 3 hours at varying times after stimulation. 
The cells were trypsinized, counted and TCA precipitated. The 
level of amino acids incorporated into the TCA precipitable 
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fraction was then determined by liquid scintillation counting 
of an aliquot of alkali solubilized precipitate. 
Preparation of total cellular RNA 
Cells were lysed in 4 M guanidinium isothiocyanate 
solution. The lysate was layered on a 5.7 M CsCl cushion and 
centrifuged at 32,000 RPM for 16 hours in a Beckman sw 41 
rotor at 20 C. The supernatant was removed and the RNA pellet 
was resuspended and precipitated with sodium acetate and 
ethanol. RNA was quantitated by measuring absorbance at 260 
nm. 
Preparation of the c-mvc probe 
E. Coli strain HBlOl containing the pSVc-mvc-1 plasmid 
was obtained from the American Type culture collection. pSVc-
mvc-1 plasmid DNA was amplified and purified from HBlOl by the 
alkaline lysis method (Davis et al 1986). A 2.5 kb xbal-Hind 
III fragment of pSVc-mvc-i comprising mouse c-mvc exons 2 and 
3 were gel purified and labeled with 3000 Ci/mmol 
deoxycytidine 5'-triphosphate (obtained from NEC) using the 
random hexamer priming kit and methodology obtained from 
Amersheun. It was then used to quantitate C-mvc mRNA 
expression. 
Analvsis of c-mvc transcripts 
After denaturation with l M glyoxal and 50% 
dimethylsulfoxide as described by MacMaster and Carmichael 
(1977)/ total cellular RNA was electrophoretically resolved in 
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a 1% agarose gel in O.Ol M sodium phosphate buffer (pH 7.0). 
Thirty-five micrograms of total RNA were loaded on each lane. 
The RNA was transferred to a Bio-trans nylon membrane which 
was then baked at 80 C for 1 hour. After prehybridization, 
hybridization was performed at 40 C for 20-24 hours in a 
mixture containing 5 X SSC, 50% formamide, 4 X Denhardts' 
solution, 25 mM sodium phosphate buffer (pH 6.5), 100 ug/ml 
heat-activated salmon sperm DNA, 0.1% SDS and 10^ CPM/ml 
denatured 32p-labeled probe. The membrane was washed in 2 X 
SSC -0.1% SDS at room temperature and 0.1 X SSC-0.l% SDS at 50 
C and exposed to Kodak X-Omat AR films at -70 C using 
intensifying screens. The autoradiograph was scanned by 
densitometric tracing. Mvc RNA signals were normalized to l 88 
rRMA signals by hybridization (in the same membrane) to an 188 
rDNA probe. Plasmid PDG8 containing the 3' region of the rat 
188 RNA gene was kindly provided by Dr. R. Torczynsk in the 
Cancer Center at Wadley Institute, Department of Molecular 
Genetics (1981). 
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RESULTS 
^H-Tdr incorporation in serum starved NRK-49F cells 
usually increased 4 to 7 fold 14 hours following stimulation 
with E6F. This increase is only slightly less than that 
induced by FD6F or serum stimulation (6-8 fold). MRK-49F cells 
from multiple sources, including ATCC, Dr. Harold Moses/ Dr. 
Joseph Delarco and Dr. Michael Newman show approximately the 
same response. In our serum starvation conditions (0.1% 
serum), NRK-49F cells, regardless of source, are not 
completely quiescent. They cycle slowly (TDi/g > 72 hour), 
producing a background of ^H-Tdr incorporation. However, they 
do show a significant response to EGF, indicated by the fact 
that cell numbers increased by at least 60% after exposure of 
36-40 hour serum starved cells to EGF for 30 hours. Further, 
by 40 hours after EGF stimulation, all cells passed through S 
at least once as indicated by flow cytometric analysis (Gray 
et al 1987) of Hoechst stained, BrdU labelled cells (data not 
shown). That is, the 61 peak was quenched completely, 
indicating that all cells in GO/Gl prior to addition of EGF 
incorporated BrdU during the 40 hours in EGF. 
In these experiments 1 uM Cd++ reduced EGF-induced ^H-Tdr 
incorporation by about 40% and 4 uM Cd++ reduced EGF-induced 
^H-Tdr incorporation by about 80% (Figure 1). 
Figure 1. Dose response for Cd++ inhibition of EGF-induced 
Tdr Incorporation. Serum starved cultures were pulse 
labeled with l uci/ml ^ H-thymidine for 3 hours 
before harvest 14 hours after stimulation with EGF 
(10 ng/ml). Aliquots of trypsin-detached cells were 
used for determination of cell number and TCA 
precipitable CPM. Results shown here represent the 
mean of triplicates. 
\ 
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Increases in cell number were reduced proportionately. A 
kinetic analysis showed that this inhibitory effect of Cd++ on 
EGF-induced DNA synthesis is not due to delayed entrance into 
S (Figure 2). That is, the peak of DNA synthesis occurred at 
the same time and for approximately the seune duration after 
stimulation with EGF plus Cd++ as with E6F alone. 
Analysis of Cd++'s effects on EGF-induced l^C-MeAIB 
uptake showed that Cd++ doses that inhibit significantly EGF 
induced ^H-Tdr incorporation do not inhibit EGF induced MeAIB 
uptake. Rather, 0.5 uH and one uM Cd++ increase this EGF 
response (Figure 3). 
Cd++ shows similar effects on EGF-induced amino acid 
incorporation. Cd++ doses which significantly inhibit EGF-
induced ^H-Tdr incorporation do not inhibit EGF-induced 
amino acid incorporation; rather, 0.5 uM and one uM Cd++ 
increase this response as well (Figure 4). 
EGF-induced c-mvc mRNA levels in EGF stimulated NRK-49F 
cells peak 2 hours after stimulation (Figure 5A). Quantitation 
of these EGF-induced mRNA levels in two experiments indicates 
that EGF increases the mvc mRNA level to about 5-6 fold that 
of the control (Figure 5B). When one uM Cd++ is added with the 
EGF there is no inhibition of the EGF-induced increase in mvc 
mRNA seen 2 hours after EGF addition. Even 4 uM Cd++ has no 
significant inhibitory effect on EGF-induced mvc mRNA 
expression (Figure 6A). Quantitation of mvc mRNA levels in 
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these 2 experiments indicates that one uM Cd++ actually 
increases the E6F induced increase in mvc mRNA levels seen 2 
hr after EGF addition and that 4 uM Cd++ only slightly 
inhibits EGF induced mvc mRNA expression (Figure 6B). 
Figure 2. Kinetics of ^H-Tdr incorporation in EGF-induced 
Cells with and without Cd++ Treatment. Serum starved 
cultures were pulse labeled with 1 uCi/ml 
thymidine for 3 hours before harvest at varying 
times after E6F stimulation, and aliquots of cells 
were take for determination of cell number and TCA 
precipitable CPM. The data shown in this figure 
represent the mean of duplicates. All variances are 
< 5%. The same experiment was repeated 4 times with 
consistent results. 
20 
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Figure 3. Cd++ effects on EGF-induced l^C-MeAlB uptake. Twelve 
hours after stimulation with EGF, serum starved 
cultures were pulse labeled with 1 uci/ ml of 1*0-
MeAZB in a transport buffer for 30 minutes before 
harvest and cell lysis. The lysate then was counted 
in a liquid scintillation counter. Data were 
initially analyzed by ANOVA variance analysis. 
Comparisons between control and each treatment, and 
of EGF responses without Cd++ and with Cd++ were 
analyzed by student's t-test, which showed that 
differences due to various cell treatments (relative 
to control) were highly significant (p < 0.001) and 
that EGF responses without Cd++ and with 0.5 uH and 
1 uM Cd++ were significantly different (p < 0.05). 
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Figure 4. Cd++ effects on EGF-induced amino acid 
incorporation. Serum starved cultures were pulse 
labeled with 1 uci/ ml of a amino acid mixture 
containing leucine, lysine, phenylalanine, proline 
and tyrosine for 3 hours before harvest, 12 hours 
after EGF stimulation. Aliguots of trypsin-detached 
cells were taken to determine cell numbers and TCA 
precipitable CPM. Data were initially analyzed by 
ANOVA variance analysis. Comparisons between control 
and each treatment, and between EGF without Cd++ and 
with Cd++ were made using student's t-test, which 
showed that differences due to all treatments 
(compared with control) were highly significant (p < 
0.001) and that EGF responses without Cd++ and with 
0.5 uM and 1 uM Cd++ were significantly different (p 
< 0.05). 
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Figure 5A. Northern analysis of EGF-induced mvc mRNA 
accumulation. Total cellular RNA was prepared from 
E6F stimulated serum starved NRK-49F cells at 
indicated times and electrophoretically resolved, 
blotted to a nylon membrane and the blots hybridized 
with 32p labeled 2.5 kb xbal-Hindlll fragment of 
pSVc-mvc comprising mouse c-mvc exons 2 and 3. 
Figure SB. Quantitation of mvc mRNA accumulation. The 
autoradiograph of Figure 5A was scanned and mvc band 
densities were normalized to the amount of 18S rRNA 
recovered. 
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Figure 6A. Northern analysis of Cd++ effects on EGF-induced 
mvc ORNA accumulation. Total cellular RNA was 
prepared from cells stimulated with E6F in the 
presence or absence of 1 uM Cd++ or 4 uM Cd*+ for 2 
hours. Following electrophoresis, gel blots were 
hybridized with 32p labeled 2.5 kb Xbal-Hindlll 
fragment of pSVc-mvc comprising mouse c-mvc exons 2 
and 3. 
Figure 6B. Quantitation of mvc mRNA in Figure 6A. The 
autoradiograph was scanned and densitometric 
tracings were normalized to 188 rRMA. Results are 
presented for two experiments (hatched and open 
bars). 
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DISCUSSION 
Previous studies showed that subtoxic and marginally 
toxic doses of Cd++ block EGF-induced ^H-Tdr incorporation in 
serum-starved (0.1%) NRK-49F cells (Enger et al 1987). In 
accord with this observation, Cd++ was found in these studies 
also to inhibit EGF-induced ^H-Tdr incorporation in a dose 
dependent fashion. Flow cytometric analyses (unpublished data) 
have shown that, following exposure to EGF for 15 hours, 45%-
60% of the cells are at that time in S phase, and that Cd++ 
induced decreases in the product of the fraction of cells in S 
phase times the cells' progression rate correlates well with 
relative ^H-Tdr incorporation. Also, cell enumeration after 
EGF addition has shown that EGF stimulates at least a 1.6 fold 
increase in cell number within 30 hours. This increase in cell 
number correlates also with relative ^H-Tdr incorporation in 
cells treated with EGF and/or Cd++. Thus the effects of Cd++ 
on EGF-induced ^H-tdr incorporation reflect effects on DMA 
synthesis and cell proliferation. 
Cd++ inhibition of EGF-induced ^H-Tdr incorporation was 
found always to present as a reduced peak of ^H-Tdr 
incorporation. This peak occurred at about the same time after 
addition of Cd++ plus EGF as after EGF alone. A significant 
(40-100%) Cd++-induced inhibition of DNA synthesis was found 
never to be accompanied by a corresponding diminution of EGF-
32 
induced amino acid uptake or incorporation into protein. On 
the contrary, doses of Cd++ that reduce EGF-induced DNA 
synthesis by 50% invariably increased EGF-induced amino acid 
uptake and incorporation. These observations raise the 
possibility that Cd++ may convert a proliferative response to 
EGF into a hypertrophic response. 
The salient observation in these studies was the finding 
that doses of Cd++ that inhibit markedly EGF-induced DNA 
synthesis do not correspondingly inhibit EGF-induced mvc 
accumulation. This suggests that Cd++ does not affect early 
events involved in the EGF response such as receptor and 
second messenger stimulation or subsequent specific gene 
activation. Rather, events subsequent to those associated with 
the GO-Gl transition are likely affected. The fact that 
reduced DNA synthesis occurs at approximately the normal time 
and for close to the normal duration suggests also that Cd++ 
may most importantly affect progression through Gl, and/or 
entry into S. 
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ABSTRACT 
Clonal subpopulations of NRK-49F cells were isolated and 
characterized for their responses to transforming growth 
factor beta (TGF-beta). Two fibroblastic clones, Nl and N4, 
were found to have opposite TGF-beta responses. TGF-beta 
inhibits EGF-induced proliferation in growth arrested, 
subconfluent monolayer cultures of Nl but not N4 cells. In 
contrast, TGF-beta stimulates DNA synthesis and an increase in 
cell number in N4 but not Nl cells. The inhibitory effect of 
TGF-beta on DNA synthesis in Nl cells is due not to modulation 
of the EGF receptor or other early 61 events. EGF-induced mvc 
mRNA accumulation is not inhibited, and the action point for 
TGF-beta inhibition of the entry into s of Nl cells is at the 
Gl-S boundary. 
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INTRODUCTION 
Transforming growth factors (TGFs) are regulatory 
polypeptides found in both malignant and normal tissues. They 
stimulate anchorage-independent growth of some untransformed 
cells in the presence of serum and cause morphological changes 
and a loss of contact inhibition in the same cells grown in 
monolayer (Massague 1985A; Assoian et al 1985; Hoses et al 
1985; DeLarco et al 1978). Two basic types of TGFs have been 
described. TGF-alpha is functionally analogous to epidermal 
growth factor (EGF) and competes with EGF for binding to its 
receptor (DeLarco et al 1978; Massague 1983). TGF-beta does 
not bind to the TGF-alpha/EGF receptor, but to unique high-
affinity receptors (Assoian et al 1983; Roberts et al 1983; 
Frolik et al 1983; Massague 1984). A wide variety of effects 
of TGF-beta on cell proliferation and differentiation have 
been reported. Depending on cell type, history and conditions, 
various combinations of inhibition and stimulation occur. 
Generally speaking, TGF-beta is stimulatory for the growth of 
cells of mesenchymal origin and inhibitory for cells of 
epithelial origin. However, exceptions to this pattern have 
been reported (Roberts et al 1982; Chambard et al 1988). 
Growth inhibition by TGF-beta is associated with inhibited 
expression of growth-related genes such as mvc in some 
endothelial and carcinoma cells (Takehara et al 1987; 
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Fernandez-Pol et al 1987; Coffey et al 1988), but not in 
fibroblasts (Chanbard et al 1988; sorrentino et al 1989) or 
lymphocytes (Smeland et al 1987; Morris et al 1989). Such 
inhibition is linked further to suppression of retinoblastoma 
protein (RB) phosphorylation (Laiho et al 1990). In some 
fibroblasts and lymphocytes, TGF-beta inhibition of 
proliferation involves events that occur late in 61, possibly, 
at the 61-S interphase, and mvc expression is not affected 
(Chzunbard et al 1988; Morris et al 1989). 
NRK-49F is a normal rat kidney fibroblast cell line 
(originally cloned from the NRK cell line) that is commonly 
used in studies of TGF-beta function. Its growth in soft agar 
is stimulated by the synergistic action of TGF-beta and TGF-
alpha, or TGF-beta and EGF (Massague 1983; Roberts et al 1982). 
MRK-49F cells synthesize and secrete TGF-beta (Newman et al 
1986), and have 1.6 to 1.9 x lO^-binding sites/cell with high 
affinity for TGF-beta (Kb 5.6-7.8 x 10"ll M) (Massague et al 
1985), suggesting that TGF-beta is an important regulatory 
molecule in these cells. 
The reported responses of the NRK-49F cell line to TGF-
beta in monolayer vary (DeLarco et al 1978b; Massague 1984; 
Roberts et al 1985). Whether such variation is due to culture-
induced changes and whether such culture induced changes 
result in heterogeneity reflective of differentially 
responding subpopulations is not known. Using independently 
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isolated clones from the same parent NRK-49F cell, it is shown 
in this report that populations of NRK-49F exist that are 
indeed a mixture of subpopulations differing in their TGF-beta 
response. It is further shown that TGF-beta inhibition of E6F-
indueed DNA synthesis in the sensitive clonal subpopulation is 
due not to modulation of the early EGF response, but to 
effects on events late in 61. 
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MATERIALS AMD METHODS 
Cell culture and growth factors 
Parent MRK-49F cells used for cloning were obtained from 
Dr. Michael Newman of Brandeis University. Cells were cultured 
in T150 cell culture flasks in 35 ml McCoy's 5A medium 
containing 10% calf serum» 100 units/ml penicillin and 100 
ug/ml streptomycin at 37 C in 5% COg and 98% relative 
humidity. The stock culture usually was split 1-5 every 2 or 3 
days in culture. 
Epidermal growth factor and porcine transforming growth 
factor beta one (TGF-betal) were purchased from Sigma (E-412) 
and R and D Systems (lOl-Bl) respectively. 
cell cloning 
Fresh, sub-confluent monolayer cultures (eight passages 
following receipt) were trypsinized and diluted to 5 cells/ml; 
0.2 ml aliquots of cell suspension were plated into flat 
bottom 96 well tissue clusters (Costar 96-well #3596), and 
incubated at 37 C with 5% CO2 and 98% relative humidity. Each 
well was scored by day 4 to day 5 to determine which contain 
single colonies. After 6 to 7 days, the scored wells were 
again carefully screened to ensure that only one colony was 
present. 
When an individual colony was large enough to harvest, it 
was again verified visually that there was but one colony in 
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the well. Cell morphological differences were also recorded. 
Cells were then transferred into 12 well plates (Costar 12 
well #3512) and then into tissue culture flasks. Five clones, 
Nl, N3, N4/ N6 and N8, were obtained from two 96 well plates. 
These clones were primarily used for Cd++ activity tests. 
These subpopulations were all less resistant to Cd++ 
inhibition of EGF-induced DNA synthesis than was the parental 
populations. Two of these clones, Nl and N4, which differ in 
sensitivity to Cd++ of EGF-induced DNA synthesis, were found 
also to have opposite TGF-beta responses and were 
characterized further in this context. Subpopulations NI and 
N4 were tested for mycoplasma using the NycoTest Kit (GIBCO, 
189-5672 AV). None were detected. 
^H-Tdr incorporation assay 
Subconfluent cultures were transferred to 35 mm tissue 
culture dishes at a density of 3.0-3.2 x 10^ cells in 3 ml 
growth medium. After 72 hours the medium was replaced with 
0.1% calf serum for 36 hours. The cultures were then treated 
with 10 ng/ml EGF and different doses of TGF-beta or aliguots 
of serum free medium (controls). All treatments were performed 
in triplicate. At varying times after stimulation of serum 
starved cultures, l uCi/ml ^H-Tdr (Amersham Corp., 25 Ci/mmol) 
was added to each dish for 3 hours. Following exposure to 
labeled thymidine, the cells were rinsed, detached, counted, 
and aliguots were TCA precipitated, washed with ethanol-
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acetate and dissolved in 0.1 M NaOH. The level of thymidine 
in aliquots of 100-200 ul was then determined in a liquid 
scintillation spectrometer. 
Soft agar growth assay 
Agar plates were prepared in 35 mm petri dishes by first 
applying a 2 ml base layer of 0.5% agar in McCoy's 5A medium 
containing 4% calf serum. After solidification of the base 
layer, 1 ml of 0.3% agar containing 5,000 cells (in the seune 
medium and serum) and indicated treatments was added to each 
dish to form a top layer. Triplicates were prepared for each 
treatment. The dishes were then incubated at 37 C in 5% CO2 
and 98% relative humidity. At day 12, cells and colonies were 
stained with the vital stain, 2-(p-iodophenyl)-3(p-
nitrophenyl)-5(phenyl)tetrazolium chloride (INT) and the 
dishes were reincubated for a further 24 hours. The cultures 
were then stored at 40 c until colony formation was assessed 
using a BIOTRAN III automatic image analyzer. Selected samples 
were also analyzed using a microscope with a calibrated grid. 
Colonies greater than 60 uM in diameter were scored as 
positive. 
Analvsis of c-mvc transcripts 
Total cellular RNA was prepared and 40 ug of each sample 
was electrophoretically resolved and transferred to a Bio-
trans nylon membrane (Tang et al 1991). A 2.5 kb xbal-Hind III 
fragment of psvc-mvc-l comprising mouse c-mvc exons 2 and 3 
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was gel purified and labeled with 3000 Ci/mmol deoxycytidine 
5'-triphosphate (obtained from NEC) using the random hexamer 
priming method (Tang et al 1991). An internal control for the 
amount of RNA resolved was obtained by rehybridization of the 
membrane to an 188 rDNA probe. Plasmid pD68 containing the 3' 
region of the rat 188 rRNA gene was kindly provided by Dr. R. 
Torczynsk in the Cancer Center at Wadley Institute, Department 
of Molecular Genetics (Puke et al 1981). 
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RESULTS 
Clonal subpopulations NI and N4 are apparently both of 
mesenchymal origin as they are fibroblastic in morphology 
(Figures lA and IB) and respond to platelet-derived growth 
factor (data not shown). Clone NX cells have a large void and 
light nucleus, fine chromatin and an evident nucleolus (Figure 
lA). In contrast to Nl cells, N4 cells tend to be more 
spindle-shaped with a smaller, darker and more elongated 
nucleus (Figure IB). 
Clones Nl and N4 were studied in monolayer culture to 
test their TGF-beta response. In subconfluent cultures of Nl, 
TGF-beta was found to inhibit EGF-induced proliferation in a 
dose dependent pattern. In these cells,higher doses of TGF-
beta also inhibited background ^H-Tdr incorporation. In 
contrast, TGF-beta was observed to stimulate proliferation of 
N4 cells. Low doses (0.1 to 1.0 pM) of TGF-beta increased ^H-
Tdr incorporation in these cells when combined with EGF, but 
did not alter EGF-induced ^H-Tdr incorporation at higher doses 
(about 10 pm) (Figures 2 and 3). Kinetic analysis of 3H-Tdr 
incorporation in these two subpopulations confirmed that Nl 
cells are not stimulated by TGF-beta but that N4 cells are 
(Figures 4 and 5). Serum starved N4 cells exposed to TGF-beta 
and EGF for 38 hours showed an increase in cell number due to 
addition of TGF-beta and EGF that corresponds to the observed 
Figure 1. Morphology of NI and N4 cells. Ml and N4 cells grown 
in T150 tissue culture flasks in McCoy's 5A medium 
with 10% calf serum were photographed at the same 
magnification (100 X). A - Ml cells. B - N4 cells. 
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Figure 2. Dose response for the effect of TGF-beta on ^H-Tdr 
incorporation in Ml cells. The experiment was 
performed in triplicate and was shown to be 
reproducible. 
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Figure 3. Dose response of the TGF-beta effect on ^H-Tdr 
incorporation in N4 cells. The experiment was 
performed in triplicate and was found to be 
reproducible. 
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Figure 4. Kinetics of the TGF-beta effect on ^H-Tdr 
incorporation in N1 cells. Cells were harvested at 
the time points indicated. The doses of E6F and TGF-
beta used were 10 ng/ml and 10 pM respectively. The 
results represent the average of duplicate samples 
and variations were less than 10% from the mean of 
each point. The same pattern was obtained from more 
than 3 repeats. 
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Figure 5. Kinetics of the TGF-beta effect on ^H-Tdr 
incorporation in N4 cells. Cells were harvested at 
the indicated time points. The doses of E6F and TGF-
beta used were 10 ng/ml and 10 pM respectively. The 
results represent the average of duplicate samples 
and variations were less than 10% from the mean of 
each point. The same pattern was reproduced more 
than 3 times. Corresponding cell number increases 
induced by 10 ng/ml EGF and 10 uH TGF-beta 38 hr 
after stimulation are shown in the insert. 
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increase in Tdr incorporation observed (insert in Figure 
5). 
The effects of TGF-beta on the anchorage-independent 
growth of clonal populations N1 and N4 were studied also. As 
shown in Table 1, TGF-beta alone does not increase soft agar 
colony formation by either clone. EGF alone, at 10 ng/ml, 
stimulates colony formation in the N1 population. This 
stimulation is comparable to that obtained when EGF and o.oi 
ng/ml TGF-beta was added to dishes established using N1 cells 
at passage 30+ (22 passages after clonal isolation), and is 
within approximately 88% of that obtained when 0.01 ng/ml TGF-
beta was added along with EGF to P20+ Ml cells, in this latter 
instance, increasing amounts of TGF-beta correspondingly 
increased N1 colony formation - the addition of 10 ng/ml TGF-
beta enhanced the EGF response 1.6 X. In contrast, colony 
formation was diminished by the addition of TGF-beta 
concentrations of 1.0 ng/ml (0.8 X EGF response) and 10 ng/ml 
(0.5 X the EGF response) in later passage N1 cells (P30+). 
Passage 20+ N4 cells responded almost as well to EGF 
alone as did N1 cells of that age. There was in their instance 
a concentration - dependent stimulation of the EGF response 
that ranged from 1.2 X at 0.01 ng/ml added TGF-beta to 1.7 X 
at 10 ng/ml TGF-beta. Later passage (F26+) N4 showed both a 
much diminished response to EGF alone and a much enhanced (4 X 
at 10 ng/ml) synergistic response to added TGF-beta. 
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TABLE 1 
Soft agar growth responses of clonal NRK-49F populations 
stimulated with E6F and/or TGF-beta 
Ni N6 
Treatment ^Passage 20"*" Passage 30* Passage 20* Passage 26"*" 
Control 0 9 18(Exp. 1) 
0(Exp. 2) 
0 
TGF^, 1 ng/ml 0 0 15 ± 2.6 0 
EGF, 10 ng/ml 379 + 7.5 427 + 4 341 + 15 
255 + 7.5 
49 + 4.2 
+ 0.01 ng/ml TGF;9 432 + 18 435 ± 3.8 415 + 24 
293 ± 7 
71 ± 5.1 
+ 0.1 ng/ml TGF^ 543 ± 16 451 + 2 518 + 31 
328 ± 3 
128 + 6 
+ 1.0 ng/ml TGF/9 576 + 5 346 + 1.5 569 + 3 
365 ± 11 
297 ± 8 
+ 10 ng/ml TGF/9 600 + 37 224 + 15 574 + 3 
345 ± 7 
212 ± 13 
* Parent received from Newman aC "VO*", cloned at PS'*' 
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Ml and N4 thus show a soft agar pattern of differential 
TGF-beta response reflective of that seen in monolayer, but 
less pronounced in nature. 
To determine the times during 61 when added TGF-beta is 
effective in blocking EGF-induced entry into 8, TGF-beta was 
added at varying times following addition of EGF to serum 
arrested N1 NRK-49F cells, and the amount of thymidine 
incorporated during the time period 12-14 hours following EGF 
addition was measured. As shown in Figure 6, TGF-beta was as 
effective when added 2 hours after EGF as when added at the 
same time, and was nearly as effective when added 4 hours 
following EGF addition. The TGF-beta inhibition was thereafter 
lost as a function of time and in a fashion that follows 
closely the kinetics of entry into s (Figures 4 and 5). 
Accumulation of specific proto-oncogene products usually 
is an event that closely follows growth factor stimulation of 
serum arrested fibroblasts (Huiler et al 1984). In the 
instance of Ml MRK-49F as well, addition of EGF results within 
2 hours in marked accumulation of mvc mRNA. As shown in Figure 
7, this accumulation is not diminished - rather, it is 
enhanced - in EGF stimulated Ml MRK-49F cells treated also 
with 10 or 100 pH TGF-beta. 
Figure 6. Kinetics of TGF-beta growth inhibition in N1 cells. 
Serum starved NX cells were treated with 10 ng/ml 
EOF. One ng/ml TGF-beta was added at different times 
after E6F stimulation. Cells were harvested 14 hours 
after stimulation (following 2 hours exposure to 
Tdr) as described in Materials and Methods. On the X 
axis A represents the control. B represents the E6F 
stimulated sample. C to J represent samples with 
TGF-beta added 0, 1, 2, A, 6, 8, 10 and 12 hours 
after stimulation, respectively. 
62 
200 
180 - -
160 --
100 --
A B C D E F G H I J  
63 
P (h IL 
u. O 
t 2 S i l s  
o m B g 2 2 
myc # # # 
18srflNA ' 
Figure 7. Effect of TGF-beta on EGF-induced mvc nRKA 
expression. Serum starved MRK-49F NI cells were 
incubated with indicated stimuli for 2 hours 40 ug 
total RNA was loaded to each electrophoresis lane 
and following electrophoretic resolution mvc 
transcripts were analyzed on a Northern blot as 
described under Materials and Methods. Quantitation 
of 188 rRNA recovered was obtained by 
rehybridization of the membrane to a 32p-labeled 188 
rRNA gene probe. 
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DISCUSSION 
The results presented in this communication demonstrate 
that subpopulations of the MRK-49F cell line not only differ 
quantitatively in their response to TGF-beta, but that the 
responses are opposite in nature. In the clone Nl, TGF-beta 
inhibits EGF-induced DNA synthesis and cell division, and does 
not alone stimulate growth. In contrast, the subpopulation N4 
shows a mitogenic response to TGF-beta, and its EGF response 
is unaffected by doses of TGF-beta that block that of Nl. 
NRK-49F was cloned originally from the NRK cell line 
(DeLarco et al 1978a). NRK is a mixture of epitheloid and 
fibroblastic populations. NRK-49F as originally derived is a 
representative of the latter. Because epithelial cells and 
fibroblasts generally respond differently to TGF-beta 
(epithelial cells usually being inhibited), the derivation 
from the NRK cell line of subpopulations showing opposite TGF-
beta responses would be expected. Clones Nl and N4 were, 
however, not obtained from a mixed population such as NRK, but 
were instead derived from a line that originated as a 
fibroblastic clone of NRK. Further, Nl and N4 both show 
fibroblastic morphology and they respond similarly to PDGF, 
which stimulates fibroblasts and not epithelial cells. The 
indication is therefore that closely related populations of 
fibroblasts can respond very differently to TGF-beta. 
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Both NI and N4 respond to TGF-beta (involving a mitogenic 
response to TGF-beta alone in one instance and a modulation of 
the EGF response in the other)- The difference thus cannot be 
attributed to a total loss in one of the clones of TGF-beta 
receptors,to a single species of active TGF-beta, nor can it 
be ascribed to different receptor populations responding to 
different TGF-betas. An event or events that occur subsequent 
to the interaction of TGF-beta with its receptors most likely 
occasions the difference in responses elicited. 
Both NX and N4 show a high level of soft agar growth 
response to EGF alone. This suggests that each may sustain a 
relatively high level of TGF-beta autocrine production and 
response. This conclusion is tempered by the fact that the 4% 
serum employed in the assay may have contributed TGF-beta 
sufficient to sustain a significant EGF soft agar growth 
response. However, the seune serum was employed in the 
experiment in which the response of later passage cells was 
analyzed and in which N4 cells showed little response to EGF 
but marked response to added TGF-beta. TGF-beta added at 
concentrations up to 10 ng/ml does not inhibit significantly 
the soft agar growth response of P20+ NX or M4 cells, some 
diminution is seen in NX after further passage (P30+). 
The patterns of TGF-beta response seen could possibly be 
explained by a stimulation of the soft agar growth of both NX 
and N4 at lower concentrations of TGF-beta, an inhibition at 
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higher concentrations, and differing autocrine TGF-beta 
production by N1 and N4 that shifts their relative dose 
response curves to added TGF-beta. Further studies measuring 
the amount of active TGF-beta actually present in the extra­
cellular milieau are needed to address this possibility. 
TGF-beta in some instances transmodulates the EGF 
receptor, causing loss of EGF binding and EGF-induced 
metabolic response(s) (Assoian 1985; Assoian et al 1984; 
Massague 1985B). That such is not the reason for TGF-beta-
inhibition of EGF-induced DNA synthesis is suggested by two 
aspects of the TGF-beta effect. First, the timing is such that 
TGF-beta is fully effective in inhibiting entry into S when 
added several hours after EGF. Second, TGF-beta does not 
reduce EGF-induced mvc expression. 
In addition to the clonal isolations from the parental 
MRK line that produced NRK-49F (DeLarco et al 1978) others 
have been effected. Hamanaka et al (1990) selectively isolated 
EGF-nonresponsive populations (N3 and N6) from NRK cells. 
These cells showed fewer EGF receptors than the parent line. 
Quiescent cultures were not stimulated by EGF to enter s. 
These cells did, however, respond to TGF-beta - this growth 
factor stimulated 2-deoxy-D-glucose uptake by N3 and N6. That 
the NRK line might represent a diverse mixture of fibroblastic 
and epithelial cells that vary in growth factor responses is 
not inherently unexpected. Most cell lines, especially those 
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that have progressed to a tumorigenic state, show marked 
heterogeneity (Enger et al 1986). NRK-49F, however, represents 
a clonal, fibroblastic subpopulation of MRK. The ready 
isolation from it of further subpopulations differing markedly 
in TGF-beta response raises a number of questions. What 
occasioned the heterogeneity? Do TGF-beta sensitive and 
insensitive populations co-exist for a period of time, or does 
one population outgrow the other? What is their phenotypic and 
genotypic stability? These questions will require extended 
term studies for resolution. Regardless of the reasons for 
their existence, however, the presence of subpopulations of 
such differing response in an NRK-49F population raises 
concerns regarding its use for studying growth factor 
responses and the molecular mechanisms involved. The use of 
clonal isolates within a defined passage range appears 
indicated for any such studies. 
TGF-beta has been observed to both stimulate and inhibit 
cell growth (DeLarco et al 1978b; Hassague 1984; Takehara et 
al 1987). Although the growth of fibroblasts may be stimulated 
via TGF-beta- induced stimulation of PDGFa or PDGFg, 
fibroblast growth may be also inhibited at higher TGF-beta 
concentrations. The mechanism by which TGF-beta inhibits the 
growth of epithelial cells is not fully defined, but is 
associated in some instances with inhibition of mvc mRNA 
accumulation and effects on RB phosphorylation (Takehara et al 
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1987; Laiho et al 1990). In contrast, inhibition of fibroblast 
proliferation, as in the studies with NRK-49F N1 reported 
here, does not involve diminution in mvc mRNA levels. Whether 
RB phosphorylation is affected is yet to be determined. The 
mechanism(s) by which TGF-beta signals are transduced and 
transmitted within the cell are also largely unknown (Moses et 
al 1990; Massague 1990). The existence of TGF-beta responsive 
and unresponsive subpopulations, and the fact that TGF-beta 
inhibition of the responsive cells specifically involves late 
Gl events, may together be of value in determining the nature 
of molecular mechanisms of TGF-beta inhibition of fibroblast 
proliferation. Of special interest in this context is the fact 
that Cd++ mimics TGF-beta in affecting an event or events late 
in Gl to block entry into S, and in not affecting myc mRMA 
accumulation induced by EGF (Tang et al 1991). Cd++ does not, 
however, elicit the same pattern of secreted proteins as does 
TGF-beta (at concentrations equally effective in blocking 
entry into S). Definition of signal transduction, second 
messenger and specific gene expression events affected late in 
61 by both TGF-beta and Cd++ therefore lead to mechanisms 
related specifically to the Gl-S transition, and thus to 
molecular targets for inhibition of fibroblast proliferation 
by TGF-beta. 
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ABSTRACT 
Previous studies showed that Cd++ inhibits EGF-induced 
DNA synthesis but not EGF-induced mvc mRNA accumulation and 
amino acid incorporation into protein in serum starved NRK-49F 
cells. In this study, flow cytometry was used to analyze the 
DNA and protein content of individual cells stimulated with 
Cd++ and/or EOF. Myc oncogene expression in these cells was 
also measured. It was found that, in both parental NRK-49F 
cells and in a clonal subpopulation, NI, Cd++ induces a 
hypertrophic response. In parental NRK-49F cells, however, 
lower doses of Cd++ (0.5 uH) induced more pronounced 
hypertrophic responses than did higher doses (4 uM), whereas 
in N1 cells, the Cd**"^-induced hypertrophic response shows a 
pattern of increasing response with increased doses of Cd++ 
from 0.5 to 4 uM. Mvc mRNA accumulation measured 2 hours after 
stimulation correlated with the hypertrophic responses in both 
NRK-49F cells and in N1 cells. The results show that cd++-
induced hypertrophy in NRK-49F cells is associated with 
increased mvc oncogene mRNA accumulation, indicating that cell 
proliferation and cell hypertrophy may in part share common 
activation pathways. 
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INTRODUCTION 
Cd++ is a highly toxic, widely dispersed environmental 
pollutant (Webb 1979; Lauwerys 1979). Cellular responses to 
this toxic element have been extensively investigated both in 
vitro and in vivo. Several studies have indicated that Cd++ 
mimics mitogens to induce early cellular changes normally 
produced by growth factor stimulation of quiescent cells, such 
as formation of inositol polyphosphates, increased cytosolic 
calcium (Smith et al 1989) and growth related gene expression 
(Jin et al 1990). Epidemiological and animal studies have also 
shown that Cd++ is both a carcinogen (Terracio et al 1988; 
Lemen et al 1976; Kjellstrom et al 1979; Armstrong et al 1985; 
Gunn et al 1967; Haddow et al 1964) and a teratogen (Webb et 
al 1988). However, the mechanism(s) of Cd++ toxicity and the 
ways in which Cd++ may be involved in initiation or 
progression of cancer and in abnormal growth and development 
have not been defined. 
Cd++ inhibits EGF-induced DNA synthesis in NRK-49F cells 
(Enger et al 1987) but not EGF-induced mvc mRNA accumulation 
or EGF-induced amino acid uptake and incorporation into 
protein (Tang et al 1991). On the contrary, doses of cd++ that 
reduce EGF-induced DNA synthesis by 50% invariably increase 
EGF-induced zunino acid uptake and incorporation. These 
observations raise the possibility that Cd++ may convert a 
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proliferative response to E6F into a hypertrophic response; 
that is, an increase in cell size in the absence of DNA 
synthesis or cytokinesis. 
To characterize further the pathological responses of 
NRK-49F cells to Cd++ and to determine whether it can indeed 
induce hypertrophy in NRK-49P cells, flow cytometry has been 
used to exzuaine the effects of Cd++ on DNA and protein 
contents. In addition, the effects of Cd++ on mvc oncogene 
accumulation have been determined in both NRK-49F cells and in 
the N1 subpopulation to examine the relationship between mvc 
oncogene accumulation and hypertrophy. 
82 
MATERIALS AND METHODS 
Cell and cell culture conditions 
NRK-49F cells were obtained from Dr. Michael Newman of 
Brandeis University. The N1 clonal cell population was 
obtained from these NRK-49F MM cells as described (Tang et al, 
in press). These cells were cultured in T150 cell culture 
flasks in 35 ml McCoy's 5A modified medium containing 10% calf 
serum (HyClone), 100 units/ml penicillin at 37 C in 5% CO2 and 
95% relative humidity. Tests for mycoplasma were performed and 
were negative. The stock cultures were passaged 1-5 every 2 or 
3 days. Cells were used between passages 7 and 14 following 
receipt. N1 cells were used between passage 17 and 23 
following receipt (the clonal cell pupulation was obtained 
from the parental population at passage 8 and frozen down at 
passage 15 following receipt). Reduced cell growth was 
effected by changing the medium to McCoy's 5A containing 0.1% 
calf serum for periods of 38 hours. The nearly quiescent 
cultures that resulted were then treated with 10 ng/ml E6F 
and/or different concentrations of Cd++. 
Analysis of cellular DNA and protein bv flow cvtometrv 
Propidum iodide (PI) and fluorescein isothiocyanate 
(FITC) were used for the simultaneous quantitative analysis of 
DNA and protein content. PI was used to stain DNA (red 
fluorescence) and FITC was used to stain protein (green 
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fluorescence). Cells were serum starved, treated with 
indicated concentrations of E6F and/or Cd++, harvested with 
trypsin and fixed in 70% ethanol at 4C for at least 30 
minutes. Staining of fixed cells was performed as described by 
Crissman et al (1982; 1985) at room temperature with a 
solution containing 18 ug/ml propidium iodide (Pi), 0.05 ug/ml 
fluorescein isothiocyanate (FITC) and 40 ug/ml RNase. Cell 
density was maintained at 5 to 7.5 x 10^ cells/ml of stain 
solution. 
An Epics 752 flow cytometer was used. The instrument was 
aligned using standard fluorescent beads (Poly Science). The 
red and green fluorescence emission stains were both excited 
at 200 mw power output by an argon laser tuned to 488 nm. The 
resultant fluorescence emission intensities as measured in the 
flow cytometer reflected the DNA and protein contents of 
individual cells. This approach offers a rapid cell-by-cell 
analysis of changes in the cellular protein-DNA ratio in 
relation to cell cycle position for large cell populations. 
Light scattering measurements were also used for 
estimation of cell size (Shapiro 1988) since the intensity of 
light scattered at small angles (or narrow angle/forward 
angle, 0.5-2.0 degree) from an incident laser beam is 
proportional to particle volume. 
Flow cytometric analysis was performed within one to 2 
hours after staining. 
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Probe preparation 
E. coli strain HBIOI containing the pSVc-mvc-l plasmid 
was obtained from the American Type culture collection. 
Plasmid pDQg containing the 3* region of the rat 18s RNA gene 
was kindly provided by Dr. R. Torczynsk in the Cancer Center 
at Wadley Institute, Department of Molecular Genetics (Fuke et 
al 1981). PSVc-myc-l plasmid DNA was amplified and purified 
from HBlOl by the alkaline lysis method. A 2.5 kb x bal-Hind 
III fragment of pSVc-mvc-i comprising mouse c-mvc axons 2 and 
3 was gel purified and used to quantitate c-myc mRMA 
expression. 
Probes were labeled with 3000 Ci/mmol deoxycytidine 5'-
triphosphate (obtained from NEC) using the random hexamer 
priming kit and methodology obtained from Amersham. 
Preparation of total cellular RNA and analvsis of c-mvc 
transcripts 
Total cellular RNA was isolated by a procedure that 
involved first lysing cells in 4 H guanidium isothiocyanate 
solution. The lysate was layered on a 5.7 H CsCl cushion and 
centrifuged at 32,000 RPM for 16 hours in a Beckman sw 41 
rotor at 20 C. The supernatant was removed and the RNA pellet 
was resuspended and precipitated with sodium acetate and 80% 
ethanol. Thirty-five micrograms of total cellular RNA was 
electrophoretically resolved in a 1% agarose gel in 0.01 M 
sodium phosphate buffer (pH 7.0) after denaturation with 1 H 
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glyoxal and 50% dimethylsulfoxide as described by HacMaster 
and Carmichael (1977). The electrophoretically resolved RNA 
was transferred from the gel to a Bio-trans nylon membrane 
which was then baked at 80 c for 1 hour. After 
prehybridization, hybridization was performed at 40 c for 20 
hours after which membranes were washed as described by Tang 
et al (1991). The membrane was exposed to Kodak Z-Omat ML 
films at -70 C using intensifying screens. 
Cd++ cytotoxicity study 
Cd++ cytotoxicity was estimated by counting non-adherent 
cells. Previous studies by Enger et al(1987) in NRK-49F cells 
showed that cell cytotoxicity measured as percent non-adherent 
cells (after Cd++ stimulation) correlates with cell 
cytotoxicity as determined by colony forming efficiency. The 
non-adherent cells do not incorporate ^H-Tdr nor do they form 
colonies in complete medium (with 5% FCS). After 14 hours cd++ 
and/or E6F treatment of serum starved cultures, the 
supernatant medium was collected for determination of non­
adherent cells. The adherent cells were harvested for other 
experiments. 
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RESULTS 
Cd++ induces hypertrophy in NPK-49F cells 
Figure lA shows that 14 hours following E6F treatment of 
serum starved NRK-49F cells the percent of cells in S phase is 
38%/ whereas in control cultures maintained for this length of 
time in 0.1% serum with no EGF, 8% of the cells are in the DNA 
synthesis phase. When Cd++ was similarly added to serum 
starved cells for 14 hours, the fraction of cells in S was not 
increased. However, the addition of Cd++ to EGF treated cells 
reduced the percent of cells in S phase 14 hours following EGF 
treatment in a dose dependent fashion. EGF-stimulated entry 
into 8 was totally blocked by 4 uM Cd++. 
Figure IB shows the average amount of protein per 61 cell 
as represented by mean FITC green fluorescence staining. 
Because the serum starved cells are in part arrested in G2 as 
well as G1 (60), increase in protein content (and cell size) 
of 60/61 cells specifically was followed by gating on cells 
with a 61 DMA content. This analysis shows that the same doses 
of Cd++ that inhibit the E6F-induced DMA synthesis (entry into 
S) do not inhibit EGF-induced increases in protein content 
that occur as cells transit 61. On the contrary, lower doses 
of Cd++ were found to significantly increase E6F-induced total 
protein accumulation. Further, 0.5 uM Cd++ alone induced a 
Figure l. Flow cytometric analysis of DNA and protein content 
distribution in parental NRK-49F MM cells. Panel A 
shows the percent of cells in S phase 14 hours after 
stimulation as obtained from flow cytometric cell 
cycle analysis. Panel B shows the mean green 
fluorescence of cells in 61 phase, reflecting the 
average protein content per cell 14 hours after 
stimulation. All results were from duplicate samples 
and variations were less than 10% from the mean of 
each point. 
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protein accumulation response similar to that induced by 0.5 
uM Cd++ plus EGP. 
Figure 2 presents the results of experiments similar to 
those represented in Figure lA and IB but performed using a 
clonal subpopulation, NI, of NRK-49F cells. Figure 2A shows 
that the inhibitory effect of Cd++ EGF-induced DNA synthesis 
in NRK-49F N1 cells is more pronounced than in cells of the 
parental population. In these cells one to 2 uM Cd++ sufficed 
to totally block EGF-induced cell entrance into s phase, 
whereas 4 uM Cd++ was needed to block EGF-induced cell 
entrance into s phase in the parent culture. In this clonal 
population also, Cd++ itself did not increase DNA synthesis 
measured 14 hours following its addition. Figure 2B shows the 
average amount of protein per cell, represented by mean FITC 
green staining, in G1 phase NX cells following Cd++ addition. 
A Cd++ dose dependent pattern of increasing protein content is 
shown for both Cd++ (alone) and Cd++ plus EGF-treated cells. 
When NX cells are stimulated with EGF, DNA synthesis is 
induced as indicated by the fraction of cells in s 14 hours 
following its addition. However, total protein content per 
(GX) cell is not increased significantly. In contrast, whereas 
Cd++ inhibits EGF-induced DNA synthesis, Cd++ alone at 
concentrations up to 4 uM induces an increase in total protein 
per cell in a dose dependent fashion. 
Figure 2. Flow cytometric analysis of DMA and protein content 
distribution in Ml cells. Panel A shows the percent 
of cells in S phase 14 hours after stimulation. 
Panel B shows the mean green fluorescence of cells 
in 61, reflecting the average total protein per cell 
14 hours after stimulation. All results were from 
duplicate samples. Variations are less than 10% from 
the mean of each point. 
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To further confirm Cd++ induced hypertrophy, cell size 
was also measured using small angle light scatter (Shapiro 
1988). The DMA distributions of N1 cell population 14 hours 
following Cd++ stimulation are shown in Figure 3. No S phase 
cells are evident in cells treated with one or 4 UM Cd++. The 
corresponding cell size profile (as measured using narrow 
angle light scatter) 14 hours following Cd++ stimulation is 
shown in Figure 4. These data portray a lack of EGF-induced 
increase in cell size but very pronounced Cd++-induced 
increases at one and four uM Cd++. 
Cd++ induces mvc mRNA accumulation in NRK-49F cells 
Mvc mRNA levels as measured by Northern analysis are 
shown in Figure 5 (parental NRK-49F cell) and in Figure 6 
(cells from the N1 clone). These data show a dose-dependent 
pattern of Cd"*"^-induced mvc mRNA accumulation that correlates 
very well with the dose dependent pattern of Cd++-induced 
hypertrophy in both parental NRK-49F cells and in clonally 
isolated N1 cells (mRNA was measured two hours after addition 
of EGF and/or Cd++). That is, in parental NRK-49F cells, the 
lower dose of Cd++ (one uM) induces higher mvc mRNA 
accumulation and higher dose of Cd++ (4 uH) induces lower mvc 
mRNA accumulation. In clone Nl cells, cd++-induced mvc 
oncogene expression is greater at 4 uM than at one uM Cd++' 
Doses of 0.5, 1, 2 and 4 uM Cd++, when added with EGF, 
Figure 3. Histogram of DNA distribution in N1 cells 14 hours 
stimulation with Cd++ and/or E6F. The channel 
number reflects on a linear scale the relative 
fluorescence intensity of propidium iodide (PI) 
stained DNA. Twenty thousand cells were used for 
each determination, and 61 DNA content peaks are 
normalized to the same height. 
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Figure 4. Cell size profile measured by small (or narrow) 
angle light scatter 14 hours after stimulation. Cell 
size is presented as a tracing of data representing 
the number of cells having different relative 
intensities of light scatter at small angle 
(indicated as channel number) where a right shift 
indicates an increase linearly in cell size. 
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Figure 5. Northern analysis of mvc mRNA levels in parental 
MRK-49F MH cells 2 hours after stimulation. 188 rRMA 
was obtained by rehybridization of the membrane to a 
labeled 188 rRMA gene probe as described in 
methods. 
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Figure 6. Northern analysis of mvc mRNA levels in N1 cells 2 
hours after stimulation. 188 rRNA was obtained by 
rehybridization of the membrane to a 32p labeled 188 
rRNA probe as described in methods. 
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result in increasing accumulation of mvc throughout this range 
of concentrations. 
Cd++ cytotoxicity 
The percent non-adherent cells was determined for both 
parent MRK-49F cells and for clonally isolated cells (Nl) 
following treatment with Cd++ and/or EOF for 14 hours. The 
results of this determination are shown in Table 1. The 
proportions of non-adherent cells were increased by Cd++ in a 
dose dependent pattern in both cell populations. However, the 
Nl cells were shown to be more sensitive to Cd++ treatment 
than parental MRK-49F. Treatment with 4 uM Cd++ for 14 hours 
produced 17.2% non-adherent cells in Nl cells whereas it 
produced about 7.5% non-adherent cells in parental NRK-49F NH 
cells. However, the increased percentage of non-adherent cells 
due to Cd++ addition, relative to control values, approximated 
three-fold in both instances. 
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TABLE 1 
Percent of cells nonadherent as a function of 
treatment with E6F and/or cadmium for 14 hours 
percent Nonadherent 
Treatment NRK 49F (NM) clone 
control 2.1 + 0.3 5.9 + 1.2 
EGF 1.8 ± 0.15 3.3 + 0.7 
EGF + 0.5 ^  Cd++ 2.5 ± 0.21 5.5 + 0.5 
EGF + 1 >iM Cd+* 3.8 ± 0.5 8.9 + 0.56 
EGF + 2 ^  Cd""" 6.5 + 0.8 11.6 ± 1.4 
EGF + 4 pM Cd++ 7.2 ± 1.2 15.4 + 1.5 
0.5 fM Cd++ 2.7 ± 0.7 5.5 ± 0,36 
1 iM Cd++ 4.2 ± 0,25 11.1 ± 4 
2 fM Cd++ 8.1 + 2.1 13,6 + 1.4 
4 tiH Cd++ 7.5 ± 1.2 17,2 ± 1,8 
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DISCUSSION 
Mitchison (1971) proposed that there are two cell cycles: 
The first cycle is the growth cycle (from the beginning of 61 
through M) during which the cell progressively grows in size; 
the second cycle is the nuclear cycle (S phase) during which 
cellular DNA is replicated. When a nozrmal cell is stimulated 
into the cell cycle and undergoes balanced growth, it doubles 
all its cellular components and the cell replicates its DNA 
before it finally divides. 
Some studies have shown that cell growth in size and cell 
DNA replication can be dissociated (6alanti et al, 1981, 
Soprano et al 1983, zeterberg et al 1982), which suggests that 
the two cycles may be regulated by different signals. Under 
pathological conditions or some unfavorable environmental 
conditions, the cell may experience an increase in size which 
is uncoupled from DNA replication ("hypertrophy"). Cell size 
is usually measured as cell mass, total protein per cell or 
total RNA per cell. In recent years, toxicological studies are 
increasingly concerned with understanding epigenetic 
mechanisms of cellular hypertrophic and hyperplastic responses 
and a further understanding of the multistage process of 
carcinogenesis and the role of proto-oncogenes (Atterwill and 
Kimber 1990). Although many studies on xenobiotic-induced 
hypertrophy have been performed both in vivo and in vitro, the 
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mechanisms involved in effecting cell hypertrophy are still 
not understood. 
Previous studies (Tang et al 1991) showed that Cd++ 
inhibits EGF-induced DNA synthesis but not EGF-induced mvc 
oncogene accumulation and increase in amino acid incorporation 
into total protein in NRK-49F cells. In this paper,a 
cytochemical method was used to differentially stain cellular 
DNA and proteins (with propidium iodide and fluorescein 
isothiooyanate, respectively) and allow cell-by-cell 
determination of changes in DNA and protein content following 
exposure to Cd++ and/or E6F. From the results obtained it is 
clear that NRK-49F cell as well as a clone, Nl, isolated from 
this parental cell population show a significant hypertrophic 
response to Cd++ These cell populations have, however, 
somewhat different dose response patterns. In both populations, 
the protein content of individual cells is increased by Cd++ 
addition and DNA content is not, and EGF-induced DNA synthesis 
is inhibited. The significant difference is that in the parent 
NRK-49F cell, lower doses of Cd++ (0.5 uM) are more effective 
in inducing hypertrophy than are higher doses (4 uM), while in 
the cloned N1 population, higher doses (4 uM) of Cd++ are more 
effective in inducing hypertrophy than are lower doses (0.5 
uH). Regardless of the pattern of response as a function of 
dose, the hypertrophic response induced by Cd++ in both the 
parental and clonal cell populations is unequivocal. It was 
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indicated not only by measurement of protein content but also 
by analysis of DNA distribution and cell volume. 
Increased c-mvc oncogene accumulation has been associated 
with growth factor induced cell proliferation in many cell 
lines (Muller et al 1984; Studzinski et al 1986). The data 
from this study show that Cd++-induced hypertrophy in NRK-49F 
cells is also associated with increased mvc oncogene 
accumulation, indicating that cell proliferation and cell 
hypertrophy may share, at least in part, common activation 
pathways. Hypertrophy, however, may be induced in the absence 
of a proliferative response and may thus be associated with 
events that follow mvc activation but are upstream from or 
parallel to events requisite specifically for DNA synthesis. 
Of special interest is the fact that Northern analysis of mvc 
mRNA accumulation as induced by Cd++ gives a pattern that 
correlates very well with the Cd**"^-induced hypertrophic 
response in both NRK-49F cells and the N1 subpopulation. This 
finding is consistent with the observation by Starksen et al 
(1986) that hormonally induced cardiac myocyte hypertrophy is 
associated with increased myc oncogene expression. 
The molecular mechanisms responsible for cell hypertrophy 
are not understood. Future studies to explore further the 
molecular changes caused by Cd++ that associate specifically 
with hypertrophy may help provide such understanding. 
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ABSTRACT 
Transforming growth factor beta (TGF-beta) is a 
multifunctional regulator of cell.growth that has either a 
stimulatory or inhibitory effect on cell proliferation, 
depending on TGF-beta concentration and on cell type, history 
and culture conditions. Cd++ mimics some of the effects of 
TGF-beta in cultured cells. In this study the effects of Cd++ 
and TGF-beta on EGF-induced DNA synthesis in a clonal 
subpopulation (NI) of MRK-49F cells were compared. It was 
found that TGF-betal and Cd++ both inhibit EGF-induced DNA 
synthesis and cell proliferation in a dose dependent fashion, 
but that neither inhibits EGF-induced mvc oncogene 
accumulation. TGF-betal and Cd++ added at the seune time as EGF 
or several hours after EGF addition showed similar inhibitory 
effects on EGF-induced ^H-Tdr incorporation, indicating that 
the inhibitory effect of TGF-betal and Cd++ on EGF-induced DNA 
synthesis does not involve early G1 events. Rather, they occur 
in late, 61, at the Gl/S boundary or during S phase. Because 
of the similarities in nature and timing of the Cd++ and TGF-
beta responses,the possibility that Cd++ acts through 
stimulation of TGF-beta production and/or activation was 
explored. It is shown in this paper however that TGF-beta 
neutralizing antibody blocks the effects of TGF-betal, but not 
the Cd++ effects, on EGF-induced DNA synthesis, suggesting 
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that Cd++ is not functioning through activation or 
preinduction of TGF-beta. 
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INTRODUCTION 
Transforming growth factor beta (TGF-beta) is a 
multifunctional regulator of cell proliferation which has 
diverse, cell type-dependent biological effects (Hoses et al 
1990; Massague 1990). In epithelial cells, including human 
keratinocytes, TGF-beta acts as a potent growth inhibitor 
(Shipley et al 1986). Recent studies suggest that the effects 
of TGF-beta on the expression of the c-mvc oncogene (Pietenpol 
et al 1990; Coffey et al 1988) and on the phosphorylation 
state of the retinoblastoma (RB) protein (Laiho et al 1990) 
are involved in this inhibition. In fibroblast cultures, TGF-
beta has shown stimulatory and/or inhibitory effects, 
depending on the cell line examined, the TGF-beta 
concentration and other specific experimental conditions 
(Chambard et al 1988; Delarco et al 1978; Roberts et al 1985; 
Battegay et al 1990; Shipley et al 1985). The stimulatory 
effect of TGF-beta on AKR-2B cells was shown to be due to an 
indirect mitogenic effect involving preinduction of FDGF-B 
chain (c-sis) gene expression followed by induction of c-fos 
and c-mvc expression (Leof et al 1986). The mechanisms for the 
inhibitory effect of TGF-beta on fibroblast proliferation are 
not known in general (in one instance such is attributed to an 
inhibition of PDGF receptor synthesis (Battegay et al 1990)). 
TGF-beta is produced by most normal and neoplastic 
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tissues and cell lines examined. Its receptors are also 
universally distributed (Massague 1990). TGF-beta is secreted 
by cells in culture in a latent form. Such cryptic TGF-beta 
can be activated in vitro by acidification, alkalinization or 
proteolytic action (Lawrence et al 1985; Lyons et al 1988; 
Miyazono et al 1988). 
Cd++ is a heavy metal and a toxic environmental 
pollutant. At sublethal concentrations it stimulates DMA 
synthesis in resting, early passage chick embryo cells (Rubin 
1975). In a number of human tumor-derived cell lines, Cd++ 
elicits marked stimulation of growth in soft agar (Enger et al 
1986). Studies by Barham et al (1985) on nontumorigenic cells 
showed also that Cd++ interacts synergistically with epidermal 
growth factor (EGF) to stimulate colony formation of NRK-49F 
cells in soft agar. This was the first suggestion that Cd++ 
can mimic TGF-beta (in supporting soft agar growth of MRK-49F 
cells). Later studies by Enger et al (1987) showed that 
subtoxic doses of Cd++ modulate EGF-induced DMA synthesis in a 
dose-dependent fashion. It was shown further that subtoxic 
doses of Cd++ (0.25 uH) do not induce DMA synthesis in serum 
starved MRK 49F cells within 24 hours of addition but do 
induce a delayed (40 to 64 hours) increase in DMA synthesis. 
This pattern of mitogenic response, involving inhibition of 
early DMA synthesis and stimulation of late DMA synthesis, 
resembles the responses of AKR-2B cells and MRK-49F cells to 
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TGF-beta. Further studies (Tang et al I99la and 1991b) showed 
that both Cd++ d TGF-beta inhibit EGF-induced DNA synthesis in 
KRK-49F cells. 
An important question raised by these studies is whether 
Cd++ produces these responses by activation of latent TGF-beta 
or by inducing expression of the TGF-beta and/or TGF-beta 
inducible genes, resulting in synthesis of, and secretion and 
autocrine response of and to TGF-beta. 
TGF-beta has been found in serum as alpha2-macroglobulin 
(alpha2M).TGF-beta complex (O'Connor-McCourt et al 1987; 
Wakefield et al 1988). alpha2H can thereby inactivate released 
TGF-beta. Because Cd++ has been found to reversibly dissociate 
alpha2M (Pochon et al 1987), there is an indirect basis for 
the possibility that Cd++ activates latent TGF-beta. 
To further define the extent to which Cd++ mimics TGF-
beta, and to test whether Cd++ functions through stimulated 
production or activation of TGF-beta, the temporal patterns of 
TGF-beta and Cd++ modulation of EGF responses in NRK 49F N1 
cells were determined, as were the effects of TGF-beta 
neutralizing antibody on TGF-beta and Cd++ modulation of the 
EGF response. 
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MATERIALS AND METHODS 
Cell, cell culture conditions and growth factors 
The clone N1 was isolated from NRK-49F cells as described 
by Tang et al (1991b). These cells were chosen for study 
because they are relatively sensitive to TGF-betal and Cd++ 
inhibition of EGF-induced DNA synthesis in serum starved 
cultures. 
The NRK-49F N1 cells were cultured in T150 cell culture 
flasks in 35 ml McCoy's 5A medium containing 10% calf serum 
(Hyclone), 100 units/ml penicillin at 37 C in 5% C02 and 95% 
relative humidity. Tests for mycoplasma were performed and 
were negative. The stock cultures were passaged 1:5 every 2 or 
3 days. Cells between passages 17+ and 23+ were used for these 
experiments (clonal cells were obtained from their parent 
cells at passage 8+ and frozen down at passage 15+). The serum 
starved condition was effected by changing the medium to 
McCoy's 5A containing 0.1% calf serum for 36 hours. The nearly 
quiescent cultures that resulted were then treated with 10 
ng/ml E6F and/or different concentrations of TGF-betal and 
Cd++. 
EGF was obtained from Sigma (E-4127), porcine TGF-betal 
and TGF-beta neutralizing antibody (rat IgG) were obtained 
from R and D systems (lOl-Bl and AB-IO-NA, respectively). 
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^H-Tdr incorporation assay 
14 hours after EGF stimulation of serum starved cultures, 
1 uci/ml of (methyl 3H) thymidine (Amershzun Corp., 25 Ci/mmol) 
was added to each dish for 3 hours. Cells then were rinsed 
with PBS, trypsinized and transferred to a plastic 15 ml 
centrifuge tube containing PBS with 0.1% BSA. Aliguots of 
cells were diluted with IsotonTM (balanced electrolyte 
solution, curtin Matheson Soi. inc.) prior to determination of 
cell number using a coulter cell counter. TCA was added to a 
final concentration of 10% (first spin) and 5% (second spin), 
the samples were mixed thoroughly, and TCA precipitates were 
collected by centrifugation. The final TCA precipitates were 
rinsed with 2% potassium acetate in cold ethanol, collected 
again by centrifugation and dissolved in 0.1 M NaOH. Aliguots 
of each sample were mixed with 5 ml ScintiVerse III (Fisher 
Scientific Co., N.J.), and counted in a liquid scintillation 
counter. Treatments were performed in triplicate and 
experiments were repeated at least three times. 
Preparation of the c-mvc probe 
E.coli strain HBIOI containing the psvc-myc-i plasmid was 
obtained from the American Type culture collection. A 2.5 Kb 
xbal-Hind III fragment of pSVc-mvc-l comprising mouse c-mvc 
exons 2 and 3 were gel purified and labeled with 3000 Ci/mmol 
deoxycytidine 5*-triphosphate (from NEC) using the random 
hexamer priming kit to get a specific activity of 5 x 10^-2 x 
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10^ dpm/ug DNA. 
Preparation of total cellular RNA and analysis of c-mvc 
transcripts 
Cells were grown in 150 mm culture dishes in McCoy's 5A 
medium with 10% calf serum until the culture was 90-95% 
confluent. The medium was then changed to McCoy's 5A with only 
0.1% calf serum for 36-hours, at which time E6F and/or other 
agents were added to the serum starved cultures for indicated 
time periods. Cells were then lysed in 4M guanidinium 
isothiocyanate solution. Total cellular RNA was purified by 
CsCl gradient ultracentrifugation and sodium acetate ethanol 
precipitation as described before (Tang et al 1991a and 
1991b)/ and was then electrophoretically resolved in a 1% 
agarose gel with glyoxal. Thirty-five micrograms of total RNA 
was loaded on each lane. Following electrophoresis the RNA was 
transferred to a Bio-trans nylon melnbrane which was then 
baked at 80 C for 1 hour. Prehybridization, hybridization and 
wash conditions were as described (Tang et al 199la and 
1991b). The films were finally exposed to Kodak X-Omat AR 
films at -70 C using an intensifying screen. The 
autoradiograph was scanned by densitometric tracing. Mvc RNA 
signals were normalized to 188 rRNA signals by hybridization 
of the same membrane to an 188 rDNA probe that was kindly 
provided by Dr. R. Torczynski in the Cancer Center at Wadley 
Institute, Department of Molecular Genetics (Fuke et al 1981). 
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RESULTS 
Cd++ and TGF-betal similarly inhibit EGF-induced 3H-Tdr 
incorporation in MRK 49F N1 cells. The dose dependent 
modulation by Cd++ and TGF-betal of EGF-induced DNA synthesis 
in serum starved NRK-49F NX cells is shown in Figure l. cd++ 
(from 0.25 uM to 2 uH) and TGF-beta (from o.l pH to 100 pM) 
alone were found not to stimulate DNA synthesis 14 hours after 
addition, as does EGF. Rather, they showed a dose dependent 
inhibition of the EGF response. One uM Cd++ or 50 pM TGF-beta 
blocked EGF-induced 3H-Tdr incorporation to about the control 
level. Cd++ and TGF-betal alone both reduced 3H-Tdr 
incorporation levels below the control value at all doses 
employed. Cd++ plus TGF-beta showed an additive effect on 
modulation of the EGF response when added at one uM and one 
pH, respectively, similar Cd++ and TGF-beta inhibitory dose 
response patterns were shown also in exponentially growing 
cell cultures (Figure 2). In this case, cells were grown 
throughout the experiment in medium with 5% calf serum. 10 
ng/ml EGF was added with or without the indicated 
concentrations of Cd++ and/or TGF-betal when cultures were 
first established (at a low density of 10^ cells/dish). Cell 
numbers were determined 85 hours later. It was found that 
growth (proliferation) of the cells under these conditions was 
stimulated by EGF but inhibited by TGF-beta 
Figure l. Dose dependent inhibition of EGF-induced 3H-Tdr 
incorporation by Cd++ and TGF-betal. Serum starved 
NRK-49F NI cells were pulse labeled with 1 uCi/ml 
3H-Tdr for 3 hours before harvest 14 hours after 
stimulation with EGF (10 ng/ml) and/or cadlnium and 
TGF-betal (the concentration unit is uH for cd++ and 
pH for TGF-beta). The values given represent the 
means of triplicate samples and reproducible results 
are presented. 
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Figure 2. Dose dependent inhibition by Cd++ and TGF-betal of 
the growth of NRK-49F Ni cells, cells were plated at 
about 10^ per 35 mm dish in McCoy's 5A medium with 
5% calf serum. After the cells had attached to the 
dishes, 10 ng/ml of EGF and indicated concentrations 
of Cd++ (uH) and TGF-betal (pM) were added. The 
cells were trypsinized and counted after 85 hours 
incubation at 37 C. The results represent the means 
of triplicate samples and are reproducible. 
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and/or Cd++ in a fashion very similar to that observed in the 
quiescent cultures (where EGF-stimulated DNA synthesis was 
measured). 
Cd++ and TGF-beta were found not to affect early (60 to 
Gl, early 61) events in E6F-stimulated MRK-49F N1 cells. A 
study of the time dependence of Cd++ and T6F-betal inhibition 
of the quiescent cell EGF response, in which Cd++ and T6F-
betal were added at different times after E6F stimulation 
(Figure 3), showed that one uH Cd++ added either 6 hours after 
E6F addition or added at zero hours (at the szune time as E6F), 
has a similar effect on the E6F response. When Cd++ was added 
at times progressively later than 6 hours after E6F addition, 
the inhibitory effect gradually decayed. A similar pattern was 
obtained for the T6F-beta inhibition of DNA synthesis. When 
added 2 hours later than E6F, the inhibitory effect of TGF-
beta on E6F responses was about the same as when added with 
E6F. Only when the addition of T6F-betal was delayed until 4 
hours after E6F was the inhibitory effect on E6F-induced DNA 
synthesis somewhat reduced. 
Mvc oncogene accumulation is stimulated by E6F in serum 
starved NRK-49F cells with a peak in concentration seen 2 
hours after its addition (Tang et al 1991a and 1991b). Neither 
Cd++ nor T6F-betal inhibits this E6F-induced myc oncogene 
accumulation (Figure 4). Further, higher concentrations of 
Figure 3. Kinetic analysis of the inhibitory effects of Cd++ 
and TGF-betal on EGF induced ^H-Tdr incorporation. 
In serum starved MRK-49F Nl cells, one urn cd++ (m) 
and 50 pM TGF-betal (a) were added at different 
times after EGF stimulation as indicated in the 
figure. Cells were pulse labeled for 3 hours prior 
to harvest as described in Methods. The results 
represent the means of triplicate samples and a 
similar pattern was obtained in more than three 
repeats. 
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Figure 4. Quantitation of mvc mKNA accumulation induced by EGF 
and/or Cd++ and TGF-beta. The autoradiographs from 
Northern blots were scanned and densitometric 
tracings were normalized to 188 rRNA as described in 
Methods. 
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TGP-beta and Cd++ similarly enhance EGP-stimulated mvc 
accumulation. The kinetics of one uM Cd++ and 40 pM TGF-betal 
induced mvc oncogene accumulation are shown in Figure 5. One 
uM Cd++ induced mvc oncogene accumulation maximally 8 to 10 
hours and 40 pM TGF-beta induced a mvc mRNA accumulation 
maximally 8 hours after stimulation. 
To determine whether Cd++ produces its effects in these 
cells by activation or induction of TGF-beta, TGF-beta 
neutralizing antibody was used. The results shown in Figure 6 
illustrate that the TGF-betal inhibitory effect on EGF-induced 
DNA synthesis can be totally neutralized by the addition of 
TGF-beta antibody. Nonspecific rabbit IgG has no effect (data 
not shown). The Cd++ inhibitory effect on EGF response, 
however, is not neutralized by TGF-beta antibody, even at Ab 
concentrations that block completely the effect of 100 pM TGF-
beta (Figure 7). Cd++ did not inhibit the binding between TGF-
betal and TGF-beta neutralizing antibody as tested in a ELISA 
assay of conditioned medium (data not shown). 
Figure 5. Kinetics of Cd++ (A) and TGF-betal (B) induced myc 
oncogene accumulation. 188 rDNA probe was hybridized 
to the same membrane to serve as an internal control 
for the amount of total RNA loaded on each lane. 
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Figure 6. Neutralization of the TGF-beta inhibitory effect on 
EGF induced ^H-Tdr incorporation by TGF-beta 
antibody. Panel A shows the dose dependent 
inhibition by TGF-beta of EGF-induced 3H-Tdr 
incorporation. Panel B shows the dose dependent 
neutralization of the 100 pM TGF-betal effect by 
TGF-beta antibody. The results represents the mean 
of triplicate szmples &nd were reproducible. 
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Figure 7. Effect of TGF-beta neutralizing antibody on Cd++ 
modulation of EGF-induced 3H-Tdr incorporation. 
Panel A shows the dose dependent inhibition by cd++ 
of EGF-induced 3H-Tdr incorporation; B shows the 
effect of 0.5 uM Cd++ added to EGF stimulated 
cultures with different concentrations of TGF-beta 
neutralizing antibody added also. The results 
represent the means of triplicate samples and 
similar results were obtained from three repeats. 
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DISCUSSION 
Cd++ has been reported to mimic some of the responses to 
TGF-beta in MRK-49F cells, such as supporting soft agar growth 
when added with EGF, and inhibiting EGF-induced DNA synthesis 
and stimulating delayed DNA synthesis in serum starved 
monolayer cultures. In agreement with these observations, it 
was found in this study that both Cd++ and TGF-betal inhibit 
EGF-induced DNA synthesis in a clonal subpopulation, NI, of 
NRK-49F cells. The inhibitory effect is not limited to EGF 
stimulated 3H-Tdr incorporation in serum starved cells, but 
also is evident when measured as the effect on cell 
proliferation in EGF stimulated cultures grown in 5% calf 
serum. The control (background) levels of ^H-Tdr incorporation 
seen in serum starved cells were also inhibited by both Cd++ 
and TGF-betal. Cd++ and TGF-betal added at the same time as 
EGF or 2 (TGF-betal) to 6 (Cd++) hours after EGF addition had 
similar inhibitory effects on EGF-induced ^H-Tdr 
incorporation, and neither factor inhibited EGF-induced mvc 
mRNA accumulation, suggesting that the inhibitory effect on 
DNA synthesis is not caused by effects on EGF binding or other 
EGF-induced specific early events, but rather on events that 
occur late in Gl, at the Gl/S transition or during S phase 
(DNA synthesis). Cd++ and TGF-betal effects on EGF induced ^H-
Tdr incorporation were also shown to be additive. On the other 
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hand/ with higher doses, both TGF-betal and Cd++ maximally 
stimulate mvc accumulation and do so around 8 hours after 
addition (compared to EGF-induced mvc accumulation in these 
cells, which is maximum at 2 hours after stimulation). This 
observation further illustrates a similarity in Cd++ and T6F-
beta responses and the possibility that they may mimic each 
other in effect because Cd++ of activation or preinduction of 
TGF-beta. 
Were Cd++ to elicit these effects by inducing and/or 
activating TGF-beta, it could then possibly affect the 
proliferation, differentiation or function of essentially all 
cells, since all normal cells examined to date possess 
receptors for TGF-beta (Massague 1990). Thus, the possibility 
that Cd++ produces its effects on DNA synthesis and growth of 
NRK-49F NX cells by functioning through the production and/or 
activation of TGF-beta was important to explore. However, it 
was found in this study that TGF-beta antibody effectively 
neutralizes the inhibitory effect produced by TGF-betal, but 
not that by Cd++. This indicates that Cd++'s action on NRK-49F 
cells (to inhibit early DNA synthesis) is not caused by TGF-
beta production or activation. Rather, Cd++ and TGF-beta act 
through independent mechanisms, perhaps however via pathways 
joined at some point to affect some common intracellular 
target. Future studies thus need to focus on finding a 
specific target downstream of TGF-beta itself for Cd++'s 
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effect on entry into 8 and/or DNA synthesis in these cells. 
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ABSTRACT 
Cd++ is a toxic element that is also a carcinogen and a 
teratogen. Cd++ modification of cell growth and metabolism 
mimics that shown by TGF-beta in many ways. Possible 
mechanisms for its effects include substitution for zinc in 
enzymes and "zinc finger" transcription factors; 
substitution for calcium in calmodulin and other calcium-
binding regulatory ligands; stimulation of inositol 
polyphosphate formation and calcium mobilization, and 
induced expression of mvc, iun and other specific genes. 
These or other molecular events result in inhibition of 
early E6F-induced DNA synthesis, but induction of delayed 
DNA synthesis, anchorage independent growth, and an 
hypertrophic response in NRK-49F cells. Determining the 
pattern of specific genes deregulated by Cd++ in NRK-49F 
cells is important for further defining possible mechanisms 
for the carcinogenic and teratogenic effects of Cd++. we 
show in this study that Cd++ induces delayed mvc (8-10 
hours) and iun (12 hours) accumulation, as well as both 
early (0.5-1 hour) and late (12 hours) fos accumulation in 
NRK-49F N1 cells. The induced expression of these specific 
genes is insensitive to cycloheximide and therefore not due 
to preinduction of TGF-beta or other gene-activating growth 
factors, but rather to direct action of Cd++. 
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INTRODUCTION 
Laboratory animal studies and epidemiological studies 
indicate that Cd++ is a carcinogen and teratogen (Waalkes 
and Oberdorster 1990; Roe et al 1964; Gunn et al 1963; 
Waalkes et al 1988; Peters et al 1986; Terracio et al 1988; 
Kjellstrom et al 1979). The mechanism(s) involved in Cd++ 
oncogenicity and teratogenicity are largely unknown. 
Cd++ has been shown to modify cell growth and 
metabolism in many ways. It reacts with thiol groups of 
proteins and substitutes for zinc in zinc-binding enzymes 
and in "zinc finger" transcription factors (Vallee and 
Ulmer, 1972; Freedman et al 1988). It stimulates inositol 
polyphosphate formation and calcium mobilization (Smith et 
al 1988). It substitutes for calcium to effect most 
functions of calmodulin (Suzuki et al 1985). It was found to 
stimulate growth of human tumor-derived cell lines (when 
added alone) and NRK-49F cells (when added together with 
E6F) in soft agar (Enger et al 1986; Barham et al 1985). 
Subtoxic doses of Cd++ inhibit EGF-induced early DNA 
synthesis but induce a delayed DNA synthesis in NRK-49F 
cells (Enger et al 1987). It inhibits EGF-induced DNA 
synthesis but not mvc mRNA accumulation, amino acid uptake 
and incorporation, or increase in cell size, thus producing 
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hypertrophy in the same cells (Tang et al 1991). Many of 
these effects mimic the TGF-beta response in MRK-49F cells. 
Cd++ has also been found to have specific and direct 
effects on gene expression. Studies by Enger et al (1976) 
showed that Cd++ at a concentration of 2 x 10 
differentially modifies the synthesis of ribosome bound and 
unbound mRMA. Studies by Griffith et al (1981) and Crawford 
et al (1985) showed that Cd++ induces not only the synthesis 
of metallothionein, but also the synthesis of a small number 
of other undefined proteins. More recent studies found that 
Cd++ also induces transcription of heat shock protein genes 
(Li et al 1985), proto-oncogenes c-iun and c-mvc in rat 
myoblasts (Jin and Ringertz 1990) and TPA-inducible sequence 
(TIS) genes in Swiss 3T3 cells (Epner et al 1991). 
The genes involved in the responses to growth factors 
have been studied extensively. It is well known that when 
quiescent cells are stimulated by growth factors or other 
mitogens, they are activated to proceed from the GO state to 
Gl, progress through the cell cycle and divide. Nuclear 
oncogene c-fos, c-iun and c-mvc expression represent 
immediate early changes in response to growth factors and 
mitogenic stimulation. Deregulation of expression of these 
genes has been shown to have an important role in cellular 
transformation (reviewed by Bishop 1987, 1991). 
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Determination of which specific genes are deregulated 
by Cd++ in NRK-49F cells is a primary concern since it may 
lead to elucidation of the mechanisms of Cd++ 
carcinogenicity and teratogenicity. In this study, we show 
Cd++ modification of specific gene transcription, including 
c-fos, c-iun, and c-mvc in NRK-49F cells. The induction of 
these specific genes probably is not due to preinduction of 
TGF-beta or other growth factors but rather to a direct 
effect of Cd++. 
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MATERIALS AND METHODS 
Cells and cell culture conditions 
MRK-49F Nl subclone was isolated from NRK-49F cells 
obtained from Michael Newman as described (Tang et al 
1991b). Cells were cultured in T150 cell culture flasks in 
35 ml McCoy's 5A medium containing 10% calf serum (HyClone), 
100 units/ml penicillin at 37 c in 5% CO2 and 95% relative 
humidity. The stock cultures were passaged 1-5 every 2 or 3 
days. Cells between passage 17+ and 23+ were used for these 
experiments (clonal cells were obtained from their parent 
population at passage 8+ and frozen down at passage 14+-
15+). The cells were plated in 150 mm tissue culture dishes 
in McCoy's 5A medium with 10% calf serum (C.8.), when the 
culture was nearly confluent, medium was changed to McCoy's 
5A with 0.1% c.s. for about 36 hours; serum starved cultures 
then were treated with Cd++ or other factors. 
DNA probes 
DNA probes used for hybridization in Northern blot 
analysis included mouse c-jun, mouse and rat c-fos. mouse c-
mvc, human TGF-betal and rat 188 rDNA. Mouse c-iun 40 mer 
oligonucleotides probes, as well as mouse and rat c-fos 40 
mer oligonucleotides probes were obtained from Oncogene 
Science (ON 254 and ON 353 respectively). E. coli strain 
HBIOI containing the psvc-mvc plasmid was obtained from the 
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American Type Culture Collection. A 2.5 kb xbal-Hindlll 
fragment of pSVc-mycl comprising mouse c-mvc exons 2 and 3 
were gel purified. A 1.04 kb of TGF-beta cDNA cloned as an 
EcoRl fragment in the pSP64 vector was kindly provided by 
Dr. Arjun Singh from Genentech, Inc. (Derynck et al 1987) 
and the fragment was purified by the gene clean method (The 
kit and methodology was obtained from BioRad Inc.). Plasmid 
pDG8 containing the 3* region of the rat 188 rRNA gene was 
kindly provided by Dr. R. Torczynsk in the cancer center at 
Wadley Institute, Department of Molecular Genetics (Puke et 
al 1981). DNA fragment probes were then labeled with 3000 
Ci/mmol [alpha-32p] dCTP (obtained from NEC) using the 
random hexamer priming kit and methodology obtained from 
Amersham. Forty mer oligonucleotide probes were labeled with 
3000 Ci/mmol [gama-32p] ATP (obtained from NEC) using the 5' 
end labeling method and procedures as described by Oncogene 
Science. 
Northern blot analvsis 
Total RNA was isolated from NRK-49F N1 cells as 
described previously (Tang et al 1991a). 35 ug of total RNA 
was fractionated by electrophoresis through a 1% agarose gel 
with glyoxal. The RNA was transferred to Bio-Trans nylon 
membrane which was then baked at 80 C for 1 hour. 
Prehybridization and hybridization conditions were as 
described previously (Tang et al 1991a). After hybridization 
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with DNA fragment probes the membranes were washed in 2X 
SSC-0.1% SDS at room temperature and O.IX SSC-o.l% SDS at 50 
C. The membranes hybridized with 40-mer oligonucleotides 
probes were washed in 6X SSC-0.1% SDS (mouse probe) or 4X 
SSC-0.1% SDS (rat probe) followed by a short wash in the 
solution with the same salt concentration at 40 C. The same 
membranes were washed and rehybridized with several 
different probes. The membrane were exposed to Kodak Z-Omat 
AR films at -70 c using intensifying screens. The 
autoradiographs were scanned by densitometric tracing and 
some of the same membranes were also directly scanned and 
quantitated using a Phospholmager. 
Estimation of Cd++ cytotoxicity 
Cd++ cytotoxicity was estimated by counting nonadherent 
cells. Previous studies by Enger et al (1987) in NRF-49F 
cells showed that cell cytotoxicity measured as percent 
nonadherent cells (after Cd++ stimulation) correlates with 
cell cytotoxicity as determined by colony forming 
efficiency. The nonadherent cells do not incorporate ^H-Tdr 
nor do they form colonies in complete medium (with 5% PCS). 
After 14 hours Cd++ treatment of serum starved cultures, 
supernatant media were collected for determination of 
nonadherent cells. 
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RESULTS 
Cd++ induces c-mvc. c-iun and c-fos mRNA accumulation 
in serum starved NRK-49F Nl cells. Nearly confluent cultures 
were incubated in McCoy's 5A medium with 0.1% calf serum for 
36 hours. Cd++ was then added for indicated time periods and 
cells were harvested and total RNA was collected for 
Northern Blot using different probes. As shown in Figure lA, 
one uM Cd++ increases c-mvc c-fos and C-jun mRNA 
accumulation. In control cultures, c-mvc and c-jun 
transcripts are detectable. However, one uM Cd++ increases 
c-mvc and c-iun mRNA in a time dependent fashion; c-mvc mRNA 
gradually increased to about 14-fold at 8-10 hours and began 
decreasing at 12 hours, c-iun mRNA gradually increased to 
about more than 15-fold at 12 hours. C-fos mRNA transcripts 
showed 2 peaks of accumulation within 12 hours. The first 
peak appeared at 0.5 hours, began decreasing at one hour and 
reduced to about basal level at 2 hours. The second peak was 
apparent 12 hours after addition of one uM Cd++. Since Cd++ 
in these cells mimics the physiological effects of TGF-beta 
in several aspects, we also wished to know whether the 
delayed induction of c-mvc, c-iun and c-fos by one uM cd++ 
is due to preinduction of TGF-beta or TGF-beta inducible 
factors. TGF-beta mRNA levels were thus determined. As shown 
in Figure 1, NRK-49F Nl cells present with relatively high 
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levels of TGP-beta mRNA without any treatment (control), one 
uM Cd++ did not increase TGP-beta transcripts during 12 
hours addition. TGF-betal, however, induced a dose dependent 
increase in TGF-beta mRNA as shown in Figure 2. The same 
membrane was rehybridized with an IBS rRNA gene probe to 
serve as an internal control for the amount of total RNA 
loaded for each sample. 
C-mvc, c-iun mRNA accumulation 8 hours after Cd++ 
addition is dose dependent from concentrations of 0.5 uH 
Cd++ to 4 uM (Figure 3). Again the 18S rRNA signal was used 
as an internal control of total RNA loaded on each sample. 
To test whether higher doses of Cd++ could induce mvc 
mRNA maximum accumulation within a shorter time, 4 uM Cd++ 
was used in the same kinetic study as shown in Figure 4. 
This study showed that 4 uM Cd++ induces maximum c-myc mRNA 
accumulation 4 hours after addition, 4 to 6 hours earlier 
than was the case following induction with one uM Cd++. C-
iun mRNA accumulation in 4 uM Cd++ kinetic study also shows 
an earlier peak at 4 hours. C-fos mRNA accumulaiton still 
occurs as two peaks, with the first peak still at 0.5-1 
hour, the second peak occurring at 4 hours. 
To determine whether protein synthesis is needed for 
Cd+* induction of c-myc, c-iun, and c-fos, cycloheximide was 
added with Cd++ to inhibit protein synthesis. As shown in 
Figure 5, 4 hours treatment with 10 ug/ml cycloheximide 
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alone induced a dramatic increase in c-mvc. c-iun and c-fos 
mRNA accumulation. When the same amount of cycloheximide was 
added with 4 uM Cd++ for 2-4 hours, an additive effect on 
the accumulation of these oncogene mHNAs occurred. A 
amino acid incorporation assay indicated that treatment with 
5-10 ug/ml cycloheximide for 4 hours in these cells totally 
blocked ^H-amino acid incorporation into protein (data not 
shown). As a negative control, TGF-beta mRNA was not over 
induced by cycloheximide, but induced by TGF-beta itself. 
Cycloheximide significantly reduced TGF-beta mRNA auto 
induction. TGF-beta also induced a mvc and fos accumulation 
but without apparent iun mRMA for 4 hours treatment. 
Actinomycin D was used to examine whether Cd**"**-induced 
c-mvc. c-iun and c-fos accumulation is caused by 
transcription induction and/or by stabilization of mRNA. As 
shown in Figure 6, 5 ug/ml of actinomycin D added with Cd++ 
totally blocked Cd++ induced c-mvc and c-iun mRNA 
accumulation. Five ug/ml actinomycin D treatment for 2-4 
hours totally blocked ^H-Uridine incorporation in these 
cells (data not shown). 
Cd++ cytotoxicity was determined as shown in Table 1. 
After serum starved cells were treated with Cd++ for 14 
hours the proportions of non-adherent cells increased in a 
dose dependent pattern. 0.5 uH Cd++ showed no effect on cell 
adherence. One uM Cd++ increased nonadherent cells to 
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11.1+1.4 percent (from 5.9+1.2 in the control) and 4 uM cd++ 
increased the nonadherent cells to about 3 fold that of the 
control. 
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0 0.5 1 2 4 6 a 10 12hrs 
cMYc — ^ iff m IP # 
.u._ ' ; 
CFOS — ## #  '  '  #  
TQFD — 
laSrRNA — ######### 
Figure 1. Kinetics of c-myc* c-4un and c-fos mRNA 
accumulation following treatment with 1 uM Cd++. 
Cell culture conditions, total RMA isolation, and 
Northern Blot analysis were performed as described 
in the Materials and Methods. 
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TGFp — 
#### 
/ f / 
TGFp _ 
laSrRNA— 
Figure 2. TGF-beta induced autoinduction of TGF-beta mRNA in 
NRK-49F N1 cells. Serum starved cells were treated 
with 10 pm and 100 pm TGF-beta with and without 10 
ng/ml EGF for 2 hours. The experiments were 
performed as described in Materials and Methods. 
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0 0.5 1 2 4 uMCd 
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% 9 
Figure 3. Dose dependent pattern of c-mvc and c-iun 
induction by Cd++. The experiments were performed 
as described in Materials and Methods. 
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Figure 4. Kinetics of c-mvc. c-iun. and c-fos mRNA 
accumulation following treatment with 4 uH cd++. 
The experiments were performed as described in 
Materials and Methods. 
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Figure 5. C-mvo, c-jun, c-fos, and TGF-beta mRNA 
accumulation induced by Cd++ and TGF-beta with and 
without cycloheximide. Ten ug/ml cycloheximide 
treatment for 2 hours, 2 uH Cd++ or 40 pM TGF-beta 
treatment alone for 4 hours, 2 uM Cd++ or 40 pM 
TGF-beta plus 10 ug/ml cycloheximide treatment for 
4 hours were used. The experiments were performed 
as described in the Materials and Methods. 
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Figure 6. c-mvc. c-iun. and c-fos mRNA accumulation induced 
by 4 UM Cd++ at presence or absence of Actinomycin 
D. Four uM Cd++ with and without 5 ug/ml 
Actinomycin D treatment for 4 hours were used. The 
experiments were performed as described in the 
Materials and Methods. 
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TABLE 1 
Percent of cells nonadherent as a function of treatment with 
Cd++ for 14 hours in NRK-49F Nl cells 
Treatment Percent Nonadherent 
Control 
0.5 uM Cd++ 
1 uM Cd++ 
2 uM Cd++ 
4 UM Cd++ 
5.9 ± 1.2 
5.5 ± 0.36 
11.1 ± 4 
13.6 ± 1.4 
17.2 ± 1.8 
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DISCUSSION 
We report in this study that one uM Cd++ induces c-mvc. 
c-iun, and c-fos mRNA accumulation in NRK-49F N1 cells, c-
mvc and c-iun mRNA accumulation was induced with delayed 
peaks (8 to 10 hours and 12 hours respectively) compared 
with those that follow E6F induction in these cells, in 
which c-mvc is maximum at 2 hours, and c-iun and c-fos 
accumuation is maximum within one hour (data not shown). In 
contrast with the report of Jin and Ringertz (1990) that c-
fos is not induced by Cd++ in serum starved or proliferating 
rat L6 myoblasts, it was found in this study that c-fos is 
induced by Cd++ in the form of two, transient peaks of 
accumulation at 0.5-1 and 12 hours after addition of one uM 
Cd++, and 0.5-1 and 4 hours after 4 uM Cd++ addition. The 
induction of those oncogenes expression is Cd++ dose 
dependent indicating that the induction is by Cd++ 
specifically. 
As suggested by many studies, fos and iun can form a 
dimer (AP-1 complex) by interaction of their leucine 
repeats. The dimer formation is required for their binding 
to the AP-1 site. Jun can also form a homo-dimer but with 
lower DNA binding affinity than that of the fos-iun hetero-
dimer. Fos cannot form a dimer with itself so it does not 
bind independently to DNA (Halazonetis et al 1988; Chiu et 
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al 1988; Curran et al 1988; Rauscher et al 1988, a&b). Also, 
the AP-1 complex represses fos transcription and stimulates 
iun transcription (Angel et al 1988). AP-1 is not activated 
by mvc but it can bind to the mvc promoter (Takimoto et al 
1989) suggesting that it may also regulate mvc 
transcription. As shown above, mvc, iun and fos mRNA all are 
increased by Cd++ at an early time, mvc and iun are induced 
at a low level at first, and fos is induced to a peak within 
0.5-1 hours even with one uM Cd++. Formation of the c-fos 
and c-iun dimer shortly after Cd++ induction could 
conceivably shut off c-fos transcription, but still increase 
c-iun transcription and probably c-mvc transcription also. 
Formation of the iun-iun dimer may also stimulate iun and 
mvc transcription. Negative autoregulation of c-mvc gene 
expression has been shown in all normal cells tested, but is 
however inactivated in some transformed cells (Grignani et 
al 1990). If Cd++ blocks the normal negative autoregulation 
pathway of c-myc and/or c-iun, it could also produce a 
gradually increased but delayed accumulation of these mRNA. 
Serum starved NRK-49F N1 cells show a high level of 
TGF-beta mRNA in the absence of stimulas (Figure 1 and 
Figure 5). TGF-beta mRNA levels were not increased by one uM 
Cd++ whereas TGF-beta itself auto-stimulated TGF-beta mRNA 
accumulation in a dose dependent fashion (Figure 2). This 
result suggests that Cd**"^-induced oncogene mRNA accumulation 
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is not caused by TGF-beta activation or preinduction. It 
also provides an internal control to show that the Cd++ 
effect does not involve a nonspecific induction of all 
mRNAs. 
Higher doses of Cd++ (4 uM) produced mvc and iun 
induction kinetics with a shortened delay time (maximum at 4 
hours) suggesting that maximum induction of these oncogene 
mRNAs may require intracellular Cd++ accumulation to a 
certain level. A very different sensitivity is evident, 
however, in the instance of c-fos accumulation which is very 
sensitive to Cd++ stimulation resulting in a first peak 
within 0.5 hour. The second peak of fos accumulation, 
however, shows a dose and time dependent pattern similar to 
that which occurs with mvc and iun. 
Cycloheximide produced a dramatic increase in c-mvc, c-
fos and c-iun transcripts (Figure 5). When added with Cd++, 
it showed an additive effect on specific mRNA induction. 
These results suggest that, although accumulation is delayed 
in the case of these oncogene mRNAs, protein synthesis is 
not required, and thus the response still is a Cd++ primary 
response. Further, fos accumulation that occurs 4 hours 
after treatment with 4 uM Cd++ is still not inhibited by 
cycloheximide (data not shown), suggesting that the 
secondary c-fos peak is also a primary response. 
Overinduction of c-mvc. crfos and c-iun mRNA accumulation 
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following inhibition of protein synthesis has been 
attributed to a non-specific effect on mRNA stability (Lau 
et al 1987; Quantin et al 1988; Ryseck et al 1988) or 
inhibition of repressor synthesis resulting in a 
derepression of genes (Subramaniam et al 1989). Whether Cd++ 
acts as a protein synthesis inhibitor in these cells is thus 
of concern. However, according to ^H-amino acid 
incorporation assays and flow cytometer studies, one uM Cd++ 
does not inhibit but rather increases amino acid 
incorporation and total protein accumulation in these cells 
(data not shown). 
Actinomycin D was used to inhibit transcription. When 
it was added with Cd++, Cd++ induced c-mvc, c-fos, and c-iun 
mRNA accumulation was totally blocked. This result suggests 
that transcription activation is required for Cd++ induced 
accumulation of these oncogene mRNAs. Whether stabilization 
of these mRNAs is also partially responsible for enhanced 
accumulations is not yet known. 
Both Cd++ induced mRNA accumulation and Cd++ cytotoxic 
effects showed a Cd++ dose dependent pattern. Epner et al 
(1991) thus hypothesized that Cd++ may lead to pathologic 
derepression of genes leading to programmed cell death. We 
found however in NRK-49P cells that Cd++ doses from 0.5 uM 
to 4 uM all can result in mRNA accumulation. 0.5 uM Cd++ did 
not increase the percent of nonadherent cells, one uM cd++ 
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only increased nonadherence by 5.2%. Thus Cd++ induced 
oncogene transcription appears in this instance not causally 
involved in programmed cell death. 
Human environmental or occupational Cd++ exposure 
levels are usually sublethel. Activation or derepression of 
oncogene expression by Cd++ at levels where cell death does 
not occur could thus relate to Cd++'s carcinogenic and 
teratogenic effect. Further definition of whether Cd++ 
functions through replacement of calcium and/or zinc in 
regulatory proteins such as enzymes, calcium binding 
proteins or "zinc finger" transcription factors to interrupt 
normal cellular signal transduction and metabolism and 
deregulate growth related oncogene transcriptions should 
help define further the mechanisms of Cd++'s carcinogenic 
and/or teratogenic effects. 
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SUMMARY DISCUSSION 
Cadmium is shown in this study to modify normal rat 
kidney fibroblast cell growth. It inhibits EGF-induced DNA 
synthesis, but not EGF-induced mvc mRNA accumulation, and 
amino acid incorporation (Section 1). Doses of cadmium that 
reduce EGF-induced DNA synthesis by 50% also invariably 
increased EGF-induced amino acid uptake and incorporation. 
These results suggest that cadmium may not affect early 
events involved in the EGF response such as receptor and 
early second messenger stimulation or subsequent specific 
gene activation. Rather, events subsequent to those 
associated with the GO/Gl transition are likely affected, 
such as Gl progression, Gl/S transition or S phase DNA 
synthesis. The fact that cadmium can be added to serum 
starved cells several hours after EGF addition and still 
inhibit EGF-induced DNA synthesis (Section 4) validated this 
conclusion. Further studies are needed to determine whether 
cadmium inhibits entry of cells into S-phase resulting in a 
reduced number of cells synthesizing DNA, or whether it 
inhibits DNA synthesis directly thus reducing the rate of 
DNA synthesis in each cell. This study is presently being 
continued in our laboratory by using flow cytometric 
measurement of DNA content and synthesis. 
The study in Section 1 also raised the possibility that 
cadmium may convert a proliferative response to EGF into a 
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hypertrophic response. This observation is confirmed in 
Section 3 in the N1 clonal subpopulation of MRK-49F MM 
cells. These cells have a higher sensitivity to cadmium in 
inhibiting EGP-induced DNA synthesis and increasing mvc mRNA 
and total protein accumulation than other subpopulations or 
most parental populations. These responses show a cadmium 
dose dependency pattern which differs from that found in 
NX's parent cells, in which cadmium increases mvc and total 
protein accumulation maximumly at 0.5 to l uM. Although with 
a different dose response pattern, cadmium induced in both 
clonal cells and their parent cells induced an hypertrophic 
response, and both showed a correlation between mvc mRNA and 
total protein accumulation. These results suggest the 
following: (1) Cadmium not only turns a proliferative 
response to E6F into a hypertrophic response, but itself 
also induces significant hypertrophic responses. (2) Mvc 
mRNA induction is well known to be associated with mitogen 
stimulated cell growth. The association between hypertrophy 
and increased mvc mRNA accumulation shown in Section 3 
indicates that cell proliferation and cell hypertrophy may 
share, at least in part, common activation pathways; 
however, hypertrophy may be induced in the absence of a 
proliferative response and may thus be associated with 
events that follow mvc activation but are upstream from or 
parallel to events requisite specifically for DNA synthesis. 
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(3) Parent NRK-49F NM cells represent a mixture of 
subpopulations as suggested in Section 2 in which N1 and N4 
subpopulations were shown to have opposite responses to T6F-
beta. Those subpopulations with a different growth rate 
(data hot shown) may also respond differently to cadmium or 
other agents. This may explain why N1 cells and their parent 
cells had a different cadmium doses pattern for mvc 
induction and hypertrophic responses. Thus the use of clonal 
isolates within a defined passage range in future studies 
will be important. 
Molecular mechanisms responsible for cell hypertrophy 
are not understood. The approach of differentially staining 
cellular DMA and protein with propidium iodide and 
fluorescein isothiocyanate respectively and cell-by-cell 
determination of changes in DNA and protein content 
following exposure to cadmium and/or other agents offers a 
rapid cell-by-cell analysis of changes in the cellular 
protein-DNA ratio in relation to cell cycle position for 
large cell populations. It provides a good In vitro model of 
cadmium cytotoxic response and a useful tool for future 
studies. For example, to further define whether mvc 
accumulation and cell hypertrophic response are centrally 
related, mvc antisense mRNA can be used to block mvc 
transcription and a test for hypertrophic responses in the 
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mvc dysfunctional cells can then be performed using flow 
cytometry. 
The epigenetic mechanisms of cell hypertrophy and 
hyperplasia following toxic agent exposure have occassioned 
great interest and investigation (Atterwill et al 1990). 
They also coincided with an increased appreciation of the 
role of autocrine endogenous hormones and growth factors. In 
our studies, it was found that cadmium mimics TGF-beta 
functions in many aspects in NRK-49F N1 cells. Results 
presented in Section 4 showed that they both inhibit E6F-
induced DNA synthesis and cell proliferation in a dose 
dependent pattern, but that neither inhibits EGF-induced mvc 
mRNA accumulation. TGF-beta and cadmium added at the same 
time as E6F or several hours after EGF showed similar 
inhibitory effects on EGF-induced ^H-Tdr incorporation, 
indicating that the inhibitory effects of TGF-beta and 
cadmium on EGF-induced DMA synthesis occur not in early 61 
but in later Gl, at 61/S boundary, or during S phase. Since 
cadmium has been reported to reversibly dissociate alpha2-
Macroglobulin (a T6F-beta binding protein) (Pochon et al 
1987) and thus may result in activation of latent T6F-beta, 
the possibility of cadmium acts through stimulation of TGF-
beta production and/or activation was explored. However, 
studies using T6F-beta neutralizing antibody suggest that 
this is not the case since the antibody blocks the effects 
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of TGF-betal/ but not the cadmium effects on EGF-induced DNA 
synthesis. Because of the similarities in nature and timing 
of the cadmium and TGF-beta responses, the possibility of 
cadmium intersecting TGF-beta signal transduction pathways 
still cannot be ruled out. Directly comparing their possible 
mechanisms in inhibiting EGF-induced DNA synthesis using 
flow cytometry will help define the question. Keratinocyte 
is a well defined cell line and growth of these cells is 
inhibited by TGF-beta that is inhibition of mvc oncogene 
expression and changes in the phosphorylation state of 
retinoblastoma protein. A determination of whether cadmium 
in these cells also mimics TGF-beta functions may help 
explore further the extent to which these functions are 
mimicked. 
Carcinogenesis is multistage and multifactorial (Hunter 
1991; Nowell 1986; Thomassen et al 1985; Burrett et al 1985; 
Faber 1984). Molecular studies of oncogenesis are currently 
focused on oncogenes and tumor repressor genes. In Section 
5/ it is shown that cadmium induces delayed mvc and iun 
accumulation as well as both early and late fos accumulation 
in NRK-49F N1 cells. The induction of these specific genes 
is insensitive to cycloheximide but sensitive to actinomycin 
D and therefore not due to preinduction of TGF-beta or other 
gene activating growth factors but rather to direct action 
of cadmium on transcription activation or de-repression. The 
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results in Section 5 also show that lower doses of cadmium 
cause the oncogene mRNA accumulation as well as higher 
doses/ but with longer exposure time, indicating that 
maximum induction of these oncogenes may require 
intracellular cadmium accumulation to a certain level. 
Further studies are required to define the molecular 
mechanisms involved in cadmium-induced oncogene mRNA 
deregulation. Both cadmium genotoxic and non-genotoxic 
effects may be involved. Cadmium could act through 
replacement of calcium and/or zinc in regulatory proteins 
such as enzymes, calcium binding proteins or "zinc finger" 
transcription factors to interrupt normal cellular signal 
transduction, metabolism and gene expression. Cadmium could 
change the pattern or amount of DNA methylation to cause 
increased gene expression. Such hypomethylation has been 
reported in carcinogenesis (Chandler et al 1986) and 
transformation of cells in vivo and in vitro (Carr et al 
1984; Walker et al 1986). Cadmium could also, over a longer 
period, increase oncogene expression through gene 
amplification. Both carcinogens and stress can markedly 
enhance gene amplification and any agents or conditions that 
arrest cell in the early stage of DNA synthesis but do not 
inhibit protein synthesis may cause DNA amplification (Rice 
et al 1986). Cadmium inhibits EGF-induced DNA synthesis, but 
not protein incorporation and accumulation which might 
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result in specific gene amplification and gene expression. 
Cadmium may also cause DNA damage or gene mutation of 
diverse proto-oncogenes. This has also been implicated in 
many human tumors. Future studies to define the possible 
mechanisms involved should lead to better understanding of 
cadmium's carcinogenic effect and/or teratogenic effect. 
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